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7-1.GEO=ICAL ANDGAS-ICAL PARAMETERSOFTHE

LATTICES;~ OFFLOW

THROUGHLATTICES

Thetransformationof energyina stageof a turbomachineisa re-
sultoftheinteractionof thegasflowwiththestationaryandrotat-
ingblades,whichformtheguideandimpellerbladesystems.

Thelatticesofa turbineinthegeneralcaserepresentsystemsof
bladesof thesameshapeuniformlyarrangedon a certainsurfaceofrev-
olution.A particularcaseofa three-dtiensionallatticeisan annular
latticewithradialbladesarrangedbetweencoaxial.cylindricalsurfaces
ofrevolution. .7

In flowingthroughthelattice,thevelocityanddirectionof the
gasflowarechanged,enda reactionforceistherebyproducedon the
lattice.On therotatinglatticesof a turbinethisforceperforms
work;therotatinglatticesof compressors,on thecontrary,increase
theener~of thegasflowingthroughthem. In stationarylatticesan
ener~ interchangewiththesurroundingmediumdoesnotoccur;inthis
casethelatticesbringabouttherequiredtransformationsofkinetic
energy(velocity)sndthedeflectionof theflow.

Dependingontheflowconditionsandthecorrespondinggeometrical
prsmetersofthebladeprofile,threefundamentaltypesof latticesare
distinguished:

(a)Convergingflowtype: thenozzleor guide(stationary)vanes
andthereaction(rotating]latticesofturbines

—-

*“TechnicalGasdynemics.”(Tekhnickeskaiagazodinamika)ch.7,
1953,pp.312-420.
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(b)Actionor impulse(rotating)latticesof turbines

(c)Diffuser:guide(stationary)andworking(rotating)lattices
of compressors. -.

Dependingonthegeneraldirectionofmotionof.thegaswithre-
spectto theaxisofrotation,thelatticesaredividedintoaxialand
radialtypes.In certainmachinedesignsthegasflowmovesat an
angletotheaxisofrotation(diagonallattices).

Themostimportantgeometricalparametersof-anannular(cylindri-
cal)latticeare”themeandiameterd,thelength(heightof theblade
1,thewidthof thelatticeB, thepitchof thebladeson themeandi-
emetert,thechordb, andotherbladeprofileparameters(fig.7-l).

—.-.
Thereexistseveralmethodsof speci~”tigtheshapeofa bladepro-

file. Theuniversalmethodof coordinates(fig..7?.2(a))hasgreatad-
vantages.Themethodsshowninfigures”7-2(h)and(c)arebasedon the
ideaof themeanlineo?a profile;themeanlinemayrepresentthegeo-
metriclociofthecentersof inscribedcirclesorthecentersof the
chordsconnectingthepointsof tangency.Themeanlineisdefinedby
coordinates,andthethicknessdistributionaboutthemeanlineisthen
independentlygiven.Forspecifyingtheprofilesof turbinelattlces,
consistingmostfrequentlyof thick,sharplycurvedprofileswithsmll
pitch,themethodsshowninfigure7-2(b)and(c)areinconvenient.The
determinationof thefundamentaldimensions,theconstructionof thepro-
file,or itscheckingrequirecomplicatedgraphicalwork. Themostwides-
preadmethodof constructingtheprofilefroma smallnumberofadJoin-
ingarcsof circlesandsegmentsof straightlines(fig.7-2(d))isar-
bitraryandtedious.

Iftheratioofthemeandiameterofthelatticed totheheight
of theblade 7 islarge,thelatticemay,fortheprqmseof simplifyi-
ng theproblem,be consideredasa straight–rowlattice.Theshapeof
thespacebetweenthebladesalongtheheightmaythenbe consideredas
constant.Inthesimplestcase,assumingthatthedismeterof thelat-
ticeandthenumberof thebladesincreasewithoutlimit,we obtaina
planeinfinitelattice(fig.7-l(c)).

ThepassagefromthecylindricaltotheplanelatticeIseffected
inthefollowingmanner:We passtwocoaxialcylindricalsectionsof
theannularlatticethroughthemiddlediameterd andthroughthedi-
ameterd +Ad. AssumingAd tobe small,we developtheresulting
annularlatticeof verysmallheightona plane.Increasingthenumber
ofbladesto infinity,we obtaintheplsneinfinitelatticeshownin
figure7-1(C).

.
.—.I

I

~m4

A/-

b



NACATM 1393 3

Theassumptionofplanecrosssections,thatis,usedas thebasis
of theinvestigationsandcomputationsofmodernturbomachines,was
fruitfullyappliedby N.E. Joukowskyin1890. Thevalueof thisas-
sumptionhasbeenconfirmedby numerousexpertients.

Thegeometricalcharacteristicsof latticesareusuallygivenin
nondtiensionalform.Forexample,therelativepitchof theprofileis
determinedby theformulas

~=~or~.~

Therelativeheight[orlength)of theblade,

In certaincases
tice,it ismore

Tb=}
in investigatingthethree-dimensionalflowina lat-
convenientto

~ where isthewidthof the
$

(fig.7:).

definetherelativeheightas

7a=&

minhnzmcrosssectionof thepassage

A rectilinearlatticeisreferredto as a systemof coordinatesx,
Y, z wherethedirectionx istermedtheaxisofthelattice(fig.
7-l(b)).Allprofilesmustcoincideinthetranslationaldisplacement
alongtheaxisof thelattice.Thepitch t of thelatticeis equalto
thedistancebetweenanytwocorrespondingpoints.

Fora givenprofileshape,theshapeof theinterbladepassageof
..

thelatticedepends,inadditionto thepitch,on theangle ~, which
isdefinedas theanglebetweentheaxisof thelattice=d thechord
oftheprofile(fig.7-1(c)).Inthepracticalconstructionofturbine
lattices,thepositionofa proffleinthelatticeisoftenspecifiedby
thegeometricalangleof theexitedge ~2n(theanglebetweenthetan-
gentto themeanlineat thetrailingedgeandtheaxisofthelattice)=

.

In certaincases,fora straight-backedprofile,theangle ~2n is –
measuredfromthedirectionof thesuctionsurfaceatthetrailingedge;”’—

In thedesignof thebladelatticesit isnecessaxy,besidessatis-
..

fyinga numberof structuralrequirements,to ensurethatthegiven
transformationof energyobtainsw“ithminhumlosses.A detailedstudy
of theflowprocessoverthebladesofthelatticeisthusrequired.
Oneof thehportantproblemsisthatof establishingtheeffectof the
shapeof thebladesandof othergeometricparametersof thelatticeon
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themechanicalefficiencyovera widerangeofMachandRemoldsnumbers
andinletflowangles. .

Theflowprocessof a gasthroughthelatticesof a turbomachineis
a verycomplicatedhydromechanical.process.Thetheoreticalsolutionof
thecorrespondingproblemof theunsteadythree-dimensionalmotionof a
viscouscompressiblefluidpresentsgreatdifficulties.A goodapproach
tothesolutionof thisproblem,as ingeneraltothesolutionofmost
technicalproblems,consistsof theinvestigationof simplifiedmodels
whichretainmostof theessential.characteristicsof theactualprocess.
Succeedinganalysesthendeveloptheeffectof secondaryfactors.

At thepresenttimethemosthighlydevelopedtheoryisthatof the
steadytwo-dimensionalflowthroughthelatticeaf an idealincompressi-
blefluid.Sucha flowmaybe consideredas thelimitingcaseofthe
actualflowina latticeat smallflowvelocities(smallMachnumbers,
M<O@3. 0.5)andwithsmalleffectoftheviscosity(largeReyn?lds

4numbers,Re > 10 - 105).

Withintheframeof sucha simplifiedschemeitispossibleto es- B._
tablishthefundamentalcharacteristicsof a potentialflowina lattice.
However,thesolutionsobtainablewiththeselimitationsrequirean es-

~-
.

sentialcorrection.Theeffectsof theviscosityandofthecompressi-
bilitymustbe evaluatedby theoreticalandexperimentalmethods.The
resultsofothertestspermitevaluatingcertainfeaturesofthethree-
dimensionalflowinlatticesandobtainingthecharacteristicsof the
latticesrequiredforthethermodynamiccomputationof thestagesof the
turbomachine.

Letus considerseveralfeaturesofa planepotent%dflowof an
idealincompressiblefluidforthecaseof theflowoverthebladesof
a reactionturbine(fig.7-3).On accountof therepeatedcharacterof
theflow,it issufficienttostudytheflowina singleimterbladepas-
sageor theflowabouta singleblade.Infigure7-3(a)thecontinuous
curvesrepresentthestreamlinesy = constant;thedottedcurvesrepre-
senttheequipotentialllnes @ = co~te,nt,normalto thestreamlines.
A sufficientlydensenetworkoftheselinesgivesa goodcharacteriza-
tionof theflow.Thevelocityc at anypointof the5?1owis equalto

(7-1)

where S and n arethecurvilineardistancesalongthestreamlines
andequipotentiallines,respectively.
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Thedifferentialsmay
ments,andwe thusobtain

If A* = AT= constantat
individualelementsof the

.—
be approximatelyreplacedby finiteincre-

c=g ~%-—

each~oint,then AS “ An. Inthiscase,the
orthogonalnetworko“flines,@ = constant

and y. constant, becomesquaresinthelimit(as AS +0 and & +0).
Theflownetworkofan idealincompressiblefluidthereforeistermeda
squrenetwork. . .--—

At subsonicvelocities,thelossesinavailableenergyareproduced
by theeffectofviscosity,by periodicfluctuationsoftheflow,andby
thehighde~ee of turbulenceof theflow.Whenthevelocitiesarenesr-
ly sonicorwhentheyaresupersonic,thelossesarecausedby theirre-
versibleprocessof thediscontinuousenergytransformation.Themagmf-
tudeof thelossesdetermines,to a largeextent,themechanicaleffi-
ciencyof theturbomachine.

4 Thehodographplane(fig.7-3(b))providesanotherimportantmethod–
.r> ofrepresentingtheflow.At eachpointalonga streamlineor equipo-. tentiallines(fig.7-3(a))thevelocityhasa deffiitemagnitudeand.

direction.Whenthesevelocityvectorsassociatedwitha givenstream-
lineor equipotentiallinearedrawnfroma commonoriginandtheirter-
miniareconnected(fig.7-3(b)),thecorrespondingstreamlineor equi-
potentiallineisestablishedinthehodograph@ane. Thestreamlines
andpotentiallinesthusdrawnalsoforma square‘network.Thisnetwork
maynowbe conceivedtorepresenta flowintheusualsense.Thestream-
linesthatoriginallyrepresentedthebladesaretheboundariesforthe
newflow.Thenewflowitselfisproducedby a so-calledvortex-source
anda vortex-sink.Thevortexsourceis locatedat theendoftheve-
locityvectorc1 (thevelocityat an infinitedistanceaheadof the
lattice).Thevortex-sinkisat theendof thevectorC2 (thevelocity
at an infinitedistancebehindthelattice).TheoriginO andthe
terminiof c1 -d C2 formthevelocitytriangleof thelattice.‘-’-
Fromtheequalityof theflowrateaheadof andbehindthelattice,

cltsinB1= c2tsin132

itfollowsthattheprojectionsofthevelocitiesc1 and C2 on the
normalto thesxisof thelatticeareequalorthatthestraightline
passingthroughtheendsofthevectorsc1 and C2 intheFke of
thehodographisparalleltotheaxisofthelattice.Consideringthe

4 velocityhodographof thelattice,wemayarriveat theconclusionthat,
atpointson thesuctionsurfaceofthebladewherethetangentto the

v bladesurfaceisparalleltotheupstreamanddownstreamflowdirections,
thecorrespondingvelocitiesshouldbe greaterthan c1 and C2,
respectively. — --—

.

.
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Of greatinterestisthedistributionofthevelocityorpressure
on thesurfaceof theblade.Figure7-3(c)showstheapproximatedis- .
tributionof therelativevelocities7?= c/c2 andrelatlvepressures .

F=
the
ity
the

(p-p2)f$Pc; =l-$ as a functionof thedistanceS along
profile.Ifthemagnitudec1 andthedirection~1 oftheveloc-
at infinityaheadoftheprofileareknownandalsothepositionof
pointof’convergenceoftheflow 02 (qtthetraillngedge),the

flowthrougha givenlatticeisdetermined.Inthecaseof an idealin-
compressiblefluid,a changeinthemagnitudeofthevelocityc1 does
notaltertheshapeofthestreamlinesor equipotentlallines.Nefther
doesitaltertherelativevelocityF or therelativepressure~.

At finitedistancesfromthelattice,thefieldofvelocitiesand
pressuresisnotuniform.Thestreamlines(for 131# 90°)arewave
shaped,andtheirshapeisgenerallydifferentfromthatat infinity;
moreover,itperiodicallyvariesalongthecascadeaxi-s.Incorrespond-
encewiththeconditionsof continuityandintheabsenceofvorticity,
themeanvelocityalonganylineab (fig.7-3(a))betwerentwopoints
separatedby an integralnumberofperiodst of thelatticeisequal
to thevelocityat infinity.Oneofthestreamlinesapproachingthe
leadingedgeof theprofileactuallybranchesat theleadingedge.At
thebranchingpoint 01 (alsocalledtheentrypoint)thevelocitybe-
comesequalto zeroandthepressureisat a maximum.Startingfromthe
branchpoint,atwhich s a ()(fig.7-3(c)), the velocityalongthepro-
filesharplyincreases.Dependingon theshapeoftheleadingedgeand
alsoon thedirectionof theinletvelocity(inletangle ~), theve-
locitynearthebranchpointmayhaveoneor *WOmaxima.At theconvex
sideof theprofilethevelocityison theaveragegreater,andthepres-
sureless,thanon itsconcaveside.Thegeneralcharacteroftheveloc-
itydistributionovertheprofilemaybe evaluatedby consideringthe
widthof theinterbladepassageandthecurvatureoftheprofflecontour.
In particular,a narrowingof thepassage,characteristl.cofa turbine
latticeof thereactiontype,leadstoanaccelerationoftheflowjin
an hnpulseturbinehavingapproximatelyconstantpassagewidthandcurva-
ture,thevelocitymd pressure-changeonlyslightlyin,thedirectionof
flow(fig.7-4);ina compressorlnttice,the”interbladepassagewidens
andthevelocitycorrespondinglydecreases(fig.7-4A).

An increaseinthecurvatureof.theconvexpartsof thebladeleads
to an increaseinvelocity,andviceversa.Fora discontinuouschange
incurvatureat thepointsof junctionof arcsof circles,forexample,
thetheoreticalcurvesof thevelocityandpressuredistributionshave
an infiniteslope.At projectinganglesoftheprofile,thevelocity
theoreticallyincreasesto infinity,whileat internalanglesitdrops
to zero.
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Inviewof
● of thevelocity

modernlattices

the
can
are

fact that these
notexistinan
designedwitha

Nearboththeleadingedgeand

7

characteristicsinthedistribution
actualflow,thebladecontoursof
smoothlychangingcurvature.

..
a trailingedgeof finitethickness1

thevelocitymayhaveoneortwomaxima;at theactualleadingandtrail-
ingedges,thevelocitymustdropto zero.Theactualtrailingedgeis
thepointof thetailwherethecurvatureis greatest.At a largedis-
tancebehindthelattice,thedirectionof flowisdeterminedby the

--

angle $2.

Figure7-5showstheapproximate
pitch t,andthebladesettingangle
relativevelocityovera bladeofthe
changeintheangle PI (fig.7-5(a))

.
..

..

effectoftheinletangle ~1,the
@y onthedistributionof the
reaction-typeturbinelattice.A
causesthebranchpoint 01 tobe

displacedalongtheprofile.Thedesignentryangletothelatticemay
be consideredas theangleforwhichthepoint 01 coincideswiththe

3
pointofmaximumcurvatureattheleadingedgeof theprofile.In this
casemaximumsof thevelocityat theleadingedgeaxeeithera%sentor

L“ areleastsharply.expressed.Witha decreaseintheentryangle,the
. branchpointis.shiftedtowardtheconcavepartof theprofile,andthe

velocityintheflowaroundtheleadingedgesharplyincreases.The
vectortotheexitvelocityC2 turnsinthesamedirectionasthevec-
torof theinletvelocity;forexample,on decreasingtheangle ~1
fromitsdesignvalue,theexitangle ~2 increases.It shouldbe re-
markedthattheeffectof inletflowangleon outletflowangleisvery
smallinconventionalturbinelattices.Whenthepitch t is increased
by a translationalshiftoftheprofile(fig.7-5(b)}whilekeepingthe
inletflowangle j31constant,thebranchpoint 01 iS slightlydisp-
laced towardtheconcavepartof theprofile;correspondingly,the
velocitydistributionat theleadingedgechangessomewhat.On thecon-
vexsideofthebladethevelocityincreases,whileo.ntheconcaveside
itdecreases.Theexitangle B2 increases.A changeinthesetting
angleoftheprofiles(obtainedby rotatingthemwhilemaintainingthe
samepitchandinletflowangle)changestheexitangle ~2. Thechange
in ~2 ispracticallythesameas thechangein settingsingle(fig.
7-5(C)).Onrotatingtheprofilesinthedirectionof decreaseof the
exitangle @2,thecorrespondingvelocitieson theprofiledecrease;
thebranchpoint 01 isdisplacedtowardtheconcavepartof thepro-
file,inconnectionwithwhichthevelocitydistributionat theleading
edgechangesina waysimilarto thatfora decreaseof theinletangle

4

9.,
%he caseof an infinitel.ythinedgeisnotconsideredbecauseit

hasnopracticslsignificance.
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Whenthe
flow(suchas
separatefrom
constantover
featuresofa

staticpressureon a profileincreasesinthedirectionof
indiffuserelements)theflowofa realviscousfluidmay .
theblade.Experienceshowsthatthestaticpressureis
partsof theprofilebehindthepointof separation.The
flowwithseparationcanbe approximatelytakenintoac-

countina so-calledstreemmodelof theflowof an idealfluid.A zone
of constantpressureisassumedtoexistinthisflow.At theboundary
betweenthiszoneandthemainflow,thevelocityisconstant,at the
valuewhichcorrespondstothestaticpressureinthezones. Inthe
planeof thehodograph,arcsof circlescorrespondto theboundariesof 0-”a
theseparatedzones.Theradiusof an arcis eqwl to thevelocityat 2
theboundaryof thezone.Flowseparationalwaysoccursat thetrailing
edgeof a blade.Theseparatedflowregiontheoretic~lyextendsan in-
finitedistancedownstreenofthelattice.Forthesameinletandexit
flowanglesthevelocitybehindthelatticeisgreaterwithseparation
thanitwouldbe withno separation.At theboundariesof theseparated
flowregion,discontinuouschangeinvelocitywouldtheoreticallyoccur.
In theactualflowof a viscousfluid,infinitelylargeforceswould
thenbe introducedwhichwouldpreventsucha discontinuityfromexist-
ing. Ina realflow,therefore,theboundariesbetweentheseparated A_
regionandthemainflowbreakup intoindividualvorticeswhichare
carrieddowmtreamby theflow.

--
Thepresenceof fricttinalforcesalso .

causeslowpressuxeregionsto”existintheseparatedregionimmediately
behindtheedges.Beyondthisregiontheflowisrapidlyequalized;
thisphenomenonleadstoan increaseinthepressure,decreasein the
exitangle,andlossesofkineticenergysimilartothelossesinsudden
expansion.Theparametersof theequalizingflowareobtainedby the
simultaneousapplicationof theequationsof continuity,momentum,and
energy(seesec.7-7).

7-2.THEORIYI’YCALME?YHODSOF INVESTIGATION

POTENTIALFLOWOF INCOMPRESSIBLE

FLUIDTHROUGHA LATTICE

OFPLANE

Therearetwoproblemsinthetheoryoflatticesthathavethe
greatestsignificance.Oneof these,termedthedirectproblem,con-
sistsindeterminingthevelocitiesofthepotentialflowfieldthrough
a givenlatticefora givenvelocityat infinityaheadofthelattice,
anda givenpositionof therearstagnationpoint 02 ontheproffle.
Of greates-tinterest is thevelocityat infinitybehindthelattice.
Thedeterminationof thesequantitiesmaybe consideredas thefundamen-
talobjectof thesolutionof-thedirectproblem.Theinverseproblem
isthatof theoreticallyconstructingthelatticewhentheflowaboutit #

is eitherknownor easilydeterminedfora givenvelocitytriangle.Of
.*
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practicalimportanceis
a velocitydistribution
andwhichassumessmall

9

theproblemof constructingsucha latticewith
overthesurfaceofa profilewhichisrational
kinetic-energylossesintheactualflow.

Itwasremarkedpreviouslythatfortheflowof an incompressible
fluidtheshapeof thestreamlines,theshapeoftheequipotential
lines,andthemagnitudeof therelativevelocitiesdonotdependon
theabsolutemagnitudeof theflowvel.ocity.Moreover,forthesame
boundaries,thedifferentpotentialflowsof an incompressiblefluid
maybe summed.Forexample,anyflowof an idealincompressiblefluid
througha latttcemaybe consideredasthesumoftwoor severalflows
throughthesamelattice.Infi~e 7-6theflowthroughthelattice
isrepresentedas thesumof twoflows:a noncirculatory(irrotational)
(fig.7-6(b)) anda circulatoryaxial(fig.7-6(c)).Intheirrotational
flowthereisno circulationof velocityabouttheprofile,or,inother
words,thelatticedoesnotchangethedirectionof theflow;moreover-$“-=- ---
thisdirectionis chosensuchthatthepointof convergenceoftheflow
ison thetrailingedge. In a rotational-sxialflowthedirectionof
thevelocityat infinityisparalleltothesxisofthelattice;the
magnitudeof thecirculationor theratioAc2/Ac~= m ischosensuch
thatthevelocityat thetrailingedgeis eqwl to zero.Anyflow
througha lattice(withthepointof flowconvergenceon thetrailing
edge)maybe obtainedby summationof theirrotationalandrotatfonal-
axtalflows.Inparticular,thevelocitiesat infinityaheadof and
behindthelatticetillbe equalto thevectorsum. Thevelocitieson
thesurfaceof theprofileitselfwillbe equaltothealgebraicsumof
thecorrespondingvelocitiesintheirrotationalandrotational-axial– “-
flows. If itistakentitoaccountthatthemagnitudesoftherelative
velocitiesdonotdependontheirabsoluteva3uesin eachof theseflows)
itispossibleto findina simplemannertwoi.mgmrtantpropertiesof —
theflowof an incompressiblefluidthrougha lattice.

First,thereexistsa linearrelationbetweenthecotangentsof the
inletandoutletflowanglesof anygivenlattice.lhomthevelocity
triangle.(fig.7-6(a)),noticethat .

Cot$()- cot$2 AC2
— = m= constant= Acl (7-2)cotpo - cotp~

where cot~1 correspondstotheangle ~1 assumedinfigure7-6(a).
Fora givenlattice,themagnitudeof thecoefficientm canbe cOln-
putedtheoretically.Fora latticeof flatplatesinparticular,the
coefficientm isrelatedto therelativepitch t/b andthesettfng
mgle 130by theeqmtion -..

(7-3)
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seenfromthegraphof figure7-7,thecoefficientm
a decreaseinpitch,sothattheexitangle ~Z ap-

proachesthesettingangle PO of theflatplates.

To anylatticeofairfoilstherecorrespondsa uniqueequivalent
flatplatelatticewhichhasa coefficientm of thesamemagnitude,
andthesamedirectionof theirrotationalflow.Theequivalentflat-
platelatticeforanyinletangle ~1 hasthesameexitangle f32as
thegivenlattice’ofairfoils.Inpresent-dayturbine-latticesthe
ratio b/t2 ofam equivalentplatelatticeisnotlessthan1.3;the
angle j30isbetween15°snd40°,andtheangle P1 h betweenW“
and20°. Themagnitudeofthecoefficientm isnotgreaterthan
0.015;theangleoftheveloci,tybehindthelatticethereforediffers
fromtheangle BO fortheequivalentflatplatesby nomorethan1°.
Forpresent-daycompressorlatticesthisdeviationmaybe as highas3°.

Second,themagnitudeof therelativevelocityon theprofileof
anylatticedependslinesrlyon thecotangentofthe
fact3

c Cbu CU Cl)u CO ~ .
75=-= —+—=—”C2 C2 C2 co — ‘AclC2

Utilizingtheobviouscorrelations(fig.7-6(a)),~u
%Fu=—Acq we obtain

exitangle.In

Ac~
C2

Cbu=—Cn and
-u

-L
sin$2

F = ‘businPO+Fu(cot@o - cotPl]sinP2 (7-4)

As wassaid,inpresent-dayturbinelattices,132= 130= constant)the
directionofthevelocitybehindthelatticedifferslittlefromthedi-
rectionoftheirrotationalflowfora widerangeof inletangles.Hence,

~ = ~bu+ ~u(cot~2- cotpl)sinP2 (7-4a}

2NAC!Anote:
.—

Thisratioiswrittenas t/b inoriginaltext.

3NACAnote: Cbu iStheiI”I?OtatiO?IdflOW,fig.7-6”(b),and Cu
isthecirculatoryflow,fig.7-6(c).

I
.—

.

K
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At anypointof theprofilewhere Cu= o (fig.7-6(c)]therela-
. tivevelocity‘5 doesnotdependontheinletangle.Ifthedistri-

butionoftherelativevelocitiesF isknownfortwovaluesof the
inletangle ~1,thenthedistribution~ canbe computedforangle
@l withtheaidof eqution(7-4a).

Ofpracticalsignificanceinthetheoryof thetwo-dimen6iohalmo-
tionsof an incompressiblefluidisthemathematicaltheoryof thefunc-

$ tionsofa complexvariable.Withoutenteringthemathematicalsideof
thisproblem,thediscussionofwhichisgivenin&y moderncourseof

: hydrodynamics,we shallneverthelessmakeuseoftheimportantconcept
of conformaltransformationormapping.

Conformaltransformationmaybe definedas thecontinuousgeometri- --
caltransformation(extensionandcompressionor conversely)of a part
oftheplane(region)inwhichat eachpointoftheregiontheextension
or compressionoccursuniformlyinalldirectionsaboutthispoint.In
sucha transformationthemagnitudesoftheanglebetweenthetangents

j toanytwocurvespassingthrougheachpointoftheregionarepreserved
+ as isalsotheshapeof infinitelysmallfigures,as istidicatedby the
WN termconformaltransformation.Exceptionsmaybe representedonlyby
~ individual(singular)pointsof theregion. --.—-

-.

Everyorthogonalsqme networkin anyconformaltransformationm&y
gooverintoa secondorthogonalsquarenetwork.Thispropertyexplains
thesignificanceof conformaltransformationintheinvestigationof the
flowof an idealincompressiblefluid.Anynonformalmappingof a region
of flowtranslatesanorthogonalsquarenetworkof curves
and Y= constant

@= const~t
of thisflowintoa neworthogonalsquarenetwork,

whichmaybe takenas a networkof a secondflowintheconformall.y
transformedregionwithequalvaluesofthevelocitypotential.andstrem
functionat thecorrespondingpoints.Thevelocitiesof flowchangein-
verselyproportionalto theextensionat eachpointof theregion.

Inthisway,theproblemof determiningtheflowof an ideslfluid
reducesto themathematicalproblmof conformablytransformingthe
givenregionintoa sbpleroneinwhichtheflowof an ideaifluidis
initiallyknownor elsecanbe easilycomputed.Afterfindingthecon-
formaltransformationof thepointsof therequiredregion,thevelocity
iscomputedby differentiation(c= d@/dS).Severalexamplesof thecon-
formaltransformationof latticesareshowninfigure7-8.

Theabovedefinedequivalentlatticeof platesisobtainedby means ‘-
of sucha conformaltransformationinwhichtheflowregionoutsidethe

. airfoillatticeistransformedintotheflowregionoutsidetheplate
lattice.Theinfinityof theplaneofthelatticeofairfoilsgoesover
withoutextensionorrotationintotheinfinityof theplaneoftheplate “-

P

..
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lattice.Thepitchof thelatticeismaintained,andtherearstagna-
tionpointof theflowattheoutletedgeof theairfoilgoesoverinto
thegivenedgeof theplates.It shouldbe remarkedthattheconformal
transformationiscompletelydeterminedby theabovecondition.The
noncirculatoryflowthroughtheairfoillattice(fig.7-8(a))corre.
spendstothenoncirculatoryflowthroughthelatticeof plates(fig.
7-8(b)).Thesingularpoints,atwhichtheconformalityof thetrans-
formationdoesnothold,aretheedgesof theequivalentplates.Con-
sideringthecorrespondingnoncirculatoryflowsabout--theequivalent
latticesofplatesandairfoils,we notethatthelengthoftheequiva-
lentplates,forequalpitchofthelattices,shouldbe greaterthanthe
halfperimetaof theprofile.Thispropertypermitstheparametersof
theequivalentplatelatticetobe approximatelyevaluated.

A clearpictureof.conformaltransformationmaybe obtainedinthe
followingmanner:Theflowregionofthelatticeisassumedtobe a
planeinwhichan ideallyelasticfti isstretchedwithoutfriction
overthecontoursoftheprofilesandonwhichisdrawnthenetworkof
lines Z = constantand Y = constantofanyflowthroughthelattice.
Thisfilmmaythenbe stretchedoverthecontoursof anylatticewhich
canbe a conformaltransformationof thegivenone. In thetransition
allthepointsofthefilmaredisplacedina definite~nner,both
alongthecontoursandintheflowregion.Thecorres~ndenceofpoints
ina conformaltransformationisthusachieved.Thenetworkof lines
@ = const~t and y s co~t~t oftheflowthroughon~.lattlcegoes
overintothenetworkof thesamelinesoftheequivalentflowof the
otherlattice.

Of greatsignificanceistheconformaltransformationof a lattice
of airfoilprofilesintoa latticeof circles(fig.7-8(c)).Incon-
trasttotheequivalentnetworkofplates,characterizedby twoparam-
eters(t/b and ~0),theequivalentnetworkof circlesisdetermined
by onlyoneparameter,therelativediameter(densityof thelattice)
2r/t= 2F. As a result,latticesofprofilescorrespondingtodifferent
equivalentlatticesofplatescanhaveoneandthesameequivalentlat-
ticeof circles.Thepoint 02 inthecirclelatticeisnotuniquely
determinedby therelativedimeter,however.

An exampleof theconformaltransformationof theregionof flowin
oneperiodof a profilelatticeintoa boundedregionisshowninfigure
7-8(d). Infinityaheadof thelatticecorrespondsto thecenterof the
circle(COl);theinfinitybehindthelatticecorrespondstoa certain
pointonthehorizontalradius(=2);theflowlinesina periodtoa

segment-betweenthepoints=1 and =2. As inthecaseo~the equiva-
lentlatticeof circles,theregionoftransformationischaracterized
by onlya singleparameter,theratioof thedistancebetweenthepoints

. I

.

b

m
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al and ‘2 to theradiusofthecircle.
● thisratioisgenerallygreaterthan0.99.

13

Formodernturbinelattices
Thepointscorrespondingto .-

A

.

theuniformlyarrangedpointsoftheprofilecontoursreveryirregularly
arrangedoverthecircumferenceof thecircle;thegreaterpartofthe
circlecorrespondstopracticallyonlytheleadingedgeof theproftle,
whiletheremainingpartoftheprofilecontourbecomesa smallarcnear
thepoint‘2“ In a conformaltransformationofthetypeconsidered(in

whichan infinitedistancefromtheorigininoneflowfieldisonlya ..
finitedistancefromtheoriginintheother)thedisplacementof a pitch
aheadof orbehindthelatticecorresponds,respectively,toa passage
aroundthepoint =1 or =2. Theflowaboutthelatticeistransformed
intoa flowof a specialformproducedby a vortexsourceatthepoint
ml anda vortexsinkat thepoint -2. b theregionsof theconformal
transformationconsidered,thelatticessxerelativelysimplydetermined
by thepotentialflowof sm tacompressiblefluid.

Theproblemof theflowabouta latticeofplateswasfirstsolved
.—

by S.A. Chaplygin(in1912)andthenby themoresimplemethodof
N. E.JOUkOWSky.Theirworklaidthefoundationforthetheoreticalin-
vestigationsof theflowabouthydrodynamiclattices.Approximatemeth-
odsofdeterminingtheflowsaboutlatticesof circleswereworkedout
by N.E.KochinandE.L. Blokh.An exactsolutionwasgivenbyG. S.
Ssmmilovich.B. L. Ginzburgconstructedtablesofvaluesof thevelocity
potentialandthevelocitieson a circleas functionsof the-central
angle0 fortransverse,longitudinal,andpurelycirculatoryflows
aboutlatticesof circleswithvaluesofthespacing2~= 0.20- 0.90
(forcirclesincontact2Y?= 1.0). By summingtheflowsconsidered,
anyflowthrougha circlelatticecsmbe obtained(fig.7-9).Thevalues
ofthevelocitypotentialsandthemagnitudesofthevelocitieson a cir-
cleareobtainedby summationfromtabulatedvaluesmultipliedby certain
constants,themagnitudesofwhicharefoundfromthegivendirectionof
thevelocityat infinityaheadof thelatticeandtheconditionof zero
velocityat thebranchpointsof theflowgivenon thecircle.By mak@
useofthesolutionforthelatticesof circles,thesolutionof thedi-
rectproblem,thatis,thedeterminationof thevelocityon thesurface
of thebladeinthegivenlatticeforgiveninletangle,reducesto the
problemof obtainingan equivalentlatticeof circlesandthenobtaining
a conformalcorrespondenceofthepointsof thebladecontourinthelat-
ticewiththepointsofthecircleintheequivalentcirclelattice.
Theanalogousproblemofthemappingoftheoutsideregionof a single
bladeon a circlehasbeenwellstudiedandat thepresenttimepresents
no essentialdifficulties.Fora latticeofbladestheproblemismore
complicated.An approximatesolutionofthisproblemhasbeengivenby
N. E.Kochinstartingfromtheknownconformalcorrespondenceof a single
profileanda circle.ThemethodofKochin,however,is suitablein
practiceonlyforlatticesof smallspacing. .: -
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Theexactsolutionobtainedby G.S. Samoilovichuy broadlybe de-
scribedas follows.First,by oneof theknowmmethods,a conformal
transformationisobtainedwhichmapstheexteriorofa singlecircle
intotheexteriorof a singleprofile(fig.7-10(a)).Then,fromthe
conditionof conformalcorrespondenceoftheexteriorof thelatticeof
profilesandtheexteriorof thelatticeof circles,thespacingof the
equivalentlatticeof circles27 (fig.7-10(b))isobtained.Thespac-
ing 25?dependsonthepitchof theprofilelatticeandtheangleat
whichtheyareset. Intheexampleconsidered,2F= 0.85.Whenthe
bladesaremorecloselyspacedby decreasingthepitchorrotatingthem,
thespacingdensityof theequivalentlatticeof circlesincreases.The
flowis thenrelatedtotheflowabouta unitcircle.Fordetermining
thevelocitydistributionon a profilethereiscomputedthedispl&cement
functionAe equaltothedifferenceinthecentralanglesofpointson
a unitcircleandon a circleintheequivalentcirclelatticecorre-
spondingtotheseinepointof theprofile.-Thedisplacementfunction
Ae determinesthecorrespondenceofpointsoftheprofileinthepro-
fileandcirclelattices.By makinguseof--previouslycomputedvalues
of thevelocitypotentialor thevelocityon thecircle,thevelocity
distributionona profileof thelatticeisdeterminedforanygivenin-
letangle ~1.

In figure7-lJ.a comparisonisshownof-theexperimentalandtheo-
reticaldistributionof thenondimensionalpressure~ overtheprofile
of a latticefortheexampleconsideredwith 131= 90°. Theexperimental
values~ wereobtainedby measuringthepressureinthemiddlesection
of theexperimentalbladesat smalJairvelocities.Thescatterof the
testpointsfordifferent~ numbersisfoundtobe withinthelimits
of accuracyof themeasurements.Thereshouldbe notedthecharacteris-
ticdivergencebetweentheexperimental-d theoreticalvaluesof F on
thebackof theblade,producedby separationof theflow.

Thevelocity-ateachpointofthebladeina latticediffersfrom
thevelocityat thesamepointof an isolatedblade(forequalmagnitude
anddirectionof thevelocityoftheapproachingflowandthesamerear
stagnationpoint 02)jfirst,becauseof thedifferenceinthedistribu-
tionof thevelocitypotentialona circleina lattice“ofcirclesand
an isolatedcircle; andsecond,becauseofthedisplacementofthecor-
respondingpointon a circleinthecirclelattice.

—

Theuseof themethodof conformaltransf~rmationpermitsdetermin-
ingthevelocitydistributionon a profileof a latticeforanyinlet--
angle ~1 wheneveroneflowaboutit isknown.Suppose,forexample,
thereisknownthedistributionof thevelocitypotenti.~@ on a pro-
fileof thelatticewithpitch t = 1 forirrotationalnow withinlet
an@e f31. 900 andvelocityat infinityc1= C2= 1 (fig.7-12(a)).

.
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Thisis sufficientforobtainingtheequivalentlatticeof circlesand
thecorrespondenceof thepointsoftheprofileinthelatticewiththe
circleinthecirclelattice.Usingthetablesof distributionof the
velocitypotentialona circleforthecorrespondingflowaboutthelat-
ticeof circlesmakesitpossibleto constructthedifferenceinpoten-
tial lll?~~at theforwardand’rearstagnationpointsas a functionof
thelatticespacingwith t = 1 and c1= C2= 1 {fig.7-12(b)).The
valueof A~2 inthecirclelatticecoincideswith-thesamepotential
differenceintheprofilelatticeforthesinglevalueof thespacing
2r/t characterizingtheequivalentlatticeof circles(fig.7-12(c)).
Theconformalconespondenceofthepointsof theprofileandthecircle
isfoundby equatingtheknownvelocitypotentials@ ontheprofilein
thelatticewiththoseon a circleintheequivalentcirclelattice(fig.
7-13)● Fordeterminingthevelocitydistributionontheprofileforany -.

inletangle 131,it isnecessaryto determine,by employingtablesof
flowaboutcirclelattices,thedistributionofthevelocitypotential
@ or velocityck ona circleb thecirclelattice.Theproperinlet
flowangle @l mustbe used,andtherearstagnationpointofthecir-
clemustcorrespondto thetrailingedgeof theprofile(fig.7-12).
IIYomtheknowncorrespond=ceofthepointsoftheprofileandcircle
inthelatticesitispossibleto constructthevelocitypotentialas a
functionofthelengthof arcof theprofile,thedifferentiationof
whichtillgivetherequtiedvelocitydistributionovertheprofileof “’‘-”—-
thelattice(c= d@/dS).Withthedescribedmethodof determiningthe
velocity,thenumberofop=ationsof differentiationisequaltothe
numberof inletanglesforwhichthevelocitydistributionisdetermined.
Repeateddifferentiationmaybe avoidedifuseismadeof theformula

Thevelocityck on a circleofthelatticeof circlesisdetermined
foranyinletanglewiththeaidoftables,andthederivativedO/dS
isobtainedonlyoncefromthegraphshowninfigure7-13. .._

Ifthedistributionof thevelocityc ona profileof thelattice
isknown,thento determinetheconformalcorrespondenceit isnecessary
firsttofindthevelocitypotential

J

s
~. cdS

o .. .

whereit isassumedthat S = O (or @ = 0) atthebranchpoint.

Practically,forlatticeswiththespacingsthatare”actuallyem-
ployedinturbines,theaboveproblemis solvedconsiderablysimplified
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by themethodof conformalmappingofthelattice,notona latticeof
circlesbutontheinteriorofa circle(fig.7-8(d)).In thiscase, ●

itmaybe approximatelyassumedthatthesink(=2)issituatedon the

circle,andthevelocityat eachpointoftheprofilecomputedforany
inletangle ~1 by theformula

T-1(sin~ - ~-jCi
c’= e —c

Si _-pl c1
2

f.
c
c.

inwhichtheangleinthecircle8 isdeterminedgraphicallyfromthe
equation

@=+ cltsinpl
(
$ cot$1 -

)
in sin~

Theprimesdenotethemagnitudesdetermined.fora newinletangle(f31).
At thebranchingpointthevelocitypotential+f=Oandf3=2j+ h

Theconverseproblemof thetheoryofhydrod=ic lattices,as
..

alreadystated,consistsinthetheoreticalconstructionoflattfces ●

satisfyingdefiniteconditions.Intheconstructionof theoreticallat-
tices,thereisgenerallygiventhevelocitypotentialoftheflow,and
thereisthenobtainedtheshapeoftheprofilethatcorrespondsto it.
Themethodsof theoreticallattices(likethemethodsof theoretical
profilesinairfoiltheory)permitteddetermining,ina sufficiently
sfmplemanner,theeffectof theindividualgeometricalparametersof
airfoillatticesof certainspecialshapeson theirhydrodynamicchar-
acteristics.A classica3exampleisthepreviouslymentioneddependence
betweentheinletandoutletanglesfora latticeofplates.Moreover,
themethodsoftheoreticallatticesup tothepresenttimemakeuseof
certainapproximatedevicesforsolvingthedirectproblem.

Aftersufficientlyeffectivegeneralmethodsof solutionof thedi-
rectproblemhavebeenworkedout,artificialdevicesforconstructing
theoreticallatticeshavetoa considerabledegreelosttheirpractical
significance.Of somepracticalinterest,however,arethosemethodsof
constructingtheoreticallatticesthatassureobtaininghydrodynamically
a suitablevelocitydistributionontheprofileandcorrespondingly
smalllossesof theactualviscousflowofa compressiblefluidabout
theconstructedlattice.

Thelossesof kineticener~ intheflowof a realfluid(ascom-
paredwithan idealfluid)abouta latticemaybe determinedwiththe
aidof theboundary-layertheory,ifthetheoreticaldistributionof s

thevelocityon theprofileisknown.
.
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Withaccounttakenofwhathasbeensaid,ofallpossiblevelocity
distributions,themostsuitablehydrodynamicallymaybe consideredthat
forwhichthelossesinfrictionarea minimumandtheconditionof con-
tinuousflowissatisfiedovertheentire’profile.(Seesection7-6.)

-—

Anycontinuousvelocitydistributionhavinga minimumnumberof
.

diffuserparts~d a minimumvelocityon theconcavesideoftheprofile
maybe consideredaspracticallysuitable.

Oneof thesimplestmethodsof constructingtheoreticallattices
thatpermitssatisfyinga numberof conditionswithregardto theveloc-
itydistributionisthemethodof thehodograph.Thismethodwasfirst
appliedtoproblemsof theflowaboutlatticesby N. E.Joukowsky,who
in1890considereda caseoftheflowabouta latticeofplateswiththe
streamunitingat theiredges.Thepossibilityof applyingthehodo-
graphmethodforconstructinglatticeswithhydrodynamicallysuitable
velocitydistributionwaspointedoutbyWeinig.A practicalapplica-
tionof theholographmethodwasobtainedby L.A. Simonov,whoemployed.
it forconstructingtheoreticalprofilesandlattices.

4

‘W Theconstructionof latticesby themethodofthehodographis
-1
~ basedon thefactthattheregionof flowthrougha latticeof’snideal

incompressiblefluidisconformablytransformedintoanotherregionin
itsvelocityhodograph(seefig.7-3). As hasalreadybeensaid,to the
flowabouta latticeintheregionofthehodographtherecorrespondsa
specialflowof an idealincompressiblefluidproducedby a vortex
sourceat theendof thevectorc1 anda vortexsinkat theendof the
vectorc2 (seefig.7-3).Takingintoaccountthatto a displacement
by a pitchaheadof orbehindthelatticetherecorrespondsa passage
aroundthevortexsourceor sink,we candeterminetheflowrateof the
sourceor sink,

Q1=

thecirculationof the

andthecirculationof

At thebranchingpoint
t ityis equl to zero.

cl-tStnpl= - Q2= c2t sin P2

vortexsource,

rl ~ cl-bcosPI

thevortexsink

rz = - CztCOBpz

~ andtherearstagnationpoint 02,theveloc-
Hence,thecorrespondingpointsof theflowin

.

theregionof thehodographcoincidewiththepoint c = O. Forcon-
structingthelattice,therearegiventhevectorsc1= C2 andthe

,- contourof thehodographenvelopingthesevectors.
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Letus
streamflow

consideringreaterdetailtheprocedureof constructingthe
througha lattice(fig.7-14].It shouldbe remarkedthat .

thedirectproblemof determining-theflowthrougha givenlattice(with
norearstagnationpointsinthestream)hasno effectivesolution,and
themethodof thehodographispracticallytheonlyonewhichpermits
constructingsuchflows.

—

Thecontourof thehodographof theflowthrough-alatticewith
convergencepointof thestreamatthetrailingedge(fig.7-14(a))
passesthroughthepoint c = O andthrough.theendof thevectorC2●

Thearc S1S2 correspondstotheboundariesofthe-flowsbetweenone
hl?tiityandtheotherintheplaneofthelattice.Inthecasecons5.d-
eredof a turbinelatticefora givenhodog-aph,theabsenceof diffuser
partsontheprofilemaybe assured(fig.7-14(d)).

To constructthelattice,itisnecessarytofindtheflowof an
idealincompressiblefluidintheplaneofthehodograph,becauseof a
vortexsourceattheendof thevectorc1 withcirculation

anda sinkattheendof thevectorc2. Theflowratefromthesource
andSt& iS

Q

Themagnitudesof thevelocity
fig.7-14(b))areconnectedby

—

= cltsin131

andthenondimensionalmagnitude‘c(see
theequationof continuity(seesec.7-7)

clt sinPI= (1 - ~)c2tsin132,where‘c=“$

Forconstructingtheprofile,itissufficientto findonlythe
distributionof thevelocitypotential@ overthecontourof thehodo-
graphby themethod,forexample,of conformaltransformationof the
hodographintotheinteriorofa circle(fig.7-14(b))forwhichthe
vortexsourcegoesoverintothecenterofthecircleandthesinkinto
thepointof thecircle19= O. Theconformaltransformationof a given
hodographmaybe determinedby somemethodofnumericalmappingorwith
theaidofan electricalanalog.

Thevelocitypotentialof theflowon a circleis,inthecasecon-
sidered,expressedby thesimpleformula
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At thebranch
whence

point O of theflow,d@/de= O or cot8./2= T/Q,

eo= 2p~

Thecoincidenceof thebranchpoint O inthehodographplme withthe
point c = O is equivalentto theconformalcorrespondenceof thepoint
c = O andthepoint 0 = O.. Withthecontourof thehodographarbi-
trarilygiven,thebranchpointinthehodographplanewillnot,in gen-
eral,coincidewiththepoint c = O. Thecoincidenceofthesepoints
isassured,however,by a suitablespecificationof theshapeof the
hodograph.In theexampleoffigure7-14,thiscoincidencewasobtained
by choosingthelengthof thesegmentP of theholographplane(fig.
7-14(a)). —

Afterdeterminingthevelocitypotentialonthehodographcontour,
theprofileis constructedby graphicalintegrationof theexpression .—

dS= d@/c

Theaccuracyof thecomputationsandoftheconstructionischeckedby ‘-
comparingthegivenandobtainedboundaryconditionsU. Theneighbor-
ingprofileofthelatticeisatthepitchdistancet (fig.7-14(C)).

Th@velocitydistributionovertheprofilesoftheconstructedlat-”’‘“’
ticeforgiveninletanglecorrespondstothegivenhodograph.Theve-
locitydistributionforanyotherinletsz@e canbe foundstmply.For
thikitisnecessarytomakeuseof theknownconformaltransformation
of theregionof thehodogcaphon theinteriorof a circle.Sincethe
hodographis,inturn,a conformaltransformationof theflowregion
abouttheconstructedlattice,theconformalcorrespondenceof itsexte-
riorandinterioronthecircleisknown.Thechangeinthevelocity
potential~, accompanyinga changeinthedirectionormagnitudeof the
velocity,isobtainedinthecircleas thechangeinthe“velocitypoten-
tialof theflowduetoa vortexsourceandsinktiththe
strengths

r’ = c~tCosp’ t= C;tsinp’~,Q 1

Withtheaidof evidentsubstitutionsandtransformations

c’=

s

wheretheprimes

changed

we

c

0

++

eCOtpi - COt~ C:Sti ~{ sin- -’2 @’C.j,
.— c=

cotpl - cot; clsinf31 sin~ - $1c1

denotethechangedquantities. .

-—

obtain

.—

c (*)

.-
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We empfiasizethatformula(*),withchangein inletangle ~1,de-
terminesthemagnitudeof thevelocityon theboundariesofthecon-
structedflowwith“solidified”streamspassingoffto infinity.Al-
thoughtheexitangle 132evidentlydoesnotchangeandthevelocities
at theboundariesoft“hestreamzonesareno longerrelativelyconstant,
thepreviouslymentionedchangeintheexitangleinlatticesofvaria-
ble spacingandthechangeofvelocitynearthetrailingedgeareneg-
ligiblySmall.Withaccounttakenof theseremarks,formula(*)permits
computingwithsufficientaccuracythevelocitydistributionon thepro-
fileof anylatticewithchangeintheinletangleifthevelocitydis-
tributionforanyoneinletangle3sknown.Theexactsolutionof this
problem(byobtainingtheequivalentlatticeof circles)hasbeende-
scribed.Theapplicationof formula(*),inviewoftheevidentadvan-
tageof simplicityof thecomputations,is@stifiedinpracticallyall
caseswhereitispossibletoneglecttheeffectof theinletangle j31
ontheexitangle ~2. Forcomputingthevelocitydistributionforsev-
eralinletangles~; , formula(*)canbe appliedonlyonce,andthen
thelineardependenc~oftherelativevelocityC/C2
be employed.

7-3.ELECTRO-HYDRODYNAMICANALOGY

Thedistributionofthevelocitypotentialina

on cotf31must

A

latticeofairfoils

Ci

a

foranyirrotationalflowaboutitmaybe experimentallyobtainedby the
methodof electro-h@rodynsmicanalogy(abbreviatedEHIZA].Thismethod
wasfirstappliedtoproblemsofthetheoryof hydrodynamiclatticesby
L.A. Simonov.Untila generalmethodof solutionofthedirectproblem
hasbeenworkedout,themethodofEHIAispracticallytheonlyonewhich
permitsdeterminingtheflowaboutanyarbitrarylatticewithsufficient
accuracy.

TheEHDAmethodisbasedon thefo~ analogybetweenthediffer-
entialequationswhicharesatisfiedby thevelocitypotentialforthe
flowofan idealincompressiblefluidandby theelectricpotentialfor
theflowof an electriccurrentthrougha homogeneousconductoror semi-
conductor.Bymakinguseof thisanalogy,thetheoreticalcomputation
ofthevelocitypotentialisreplacedby thedirectmeasurementof an
electricpotential.

ThesimplestandmostwidespreadmethodofayplylngtheEHDAisthe
following:A flowof an electricalcurrent,analogousto theflowofan
idealincompressiblefluid,isproducedina layerofwaterof constant
thickness(10to 25mm).Thewaterispouredintoa flatvessel(gener-
allyofrectangularshape)ofnonconductivematerial.Theelectriccur-

&

rentpassesbetweentheelectrodes1 arrangedat oppositeedgesof the
vessel(fig.7-15).A smallquantityof saltandcarbonicacidwhichis r
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containedinthewaterassuressufficientconductivity.Foravoiding
thepolarizationof theelectrodesintheelectrolysisof thewater,a
low-frequency,variablecurrent(generallyusinga circuitvoltageof
1.10or 220voltsalternattigcurrent)isconnectedtotheelectrodes.
Thebladesofthelatticearemadeof an insulatormaterial,suchas
paraffinorplastiline.Severalbladesofthelatticearestudied;for
allpracticalpurposes,itIs sufficientto studyfiveblades.The
measurementof theelectricpotentialsinthebathisgenerallymadeby
thecompensationmethod.To thepralbl current-conductingelectrodes,
a voltagedivider(potentiometer)isconnected,themovablecontactof
whichis connected,througha zerocurrentindicator(nullindicator),
toa feelerorprobesituatedat thepointofmeasurementof thepoten-
tial. Theprobeisa thinstraightneedlemovingalongthewaterper-
pendicularto itssurface.Thesimplestandsufficientlyaccuratezero
indicatorsofan alternatingcurrentareradioearphonesor a speaker
connectedthrougha low-frequencyam@ifier.Torthepotentiometer,
thereis showninfigure7-15a waterrheostatconsistingof a longves-
selfilledwithwater.Undertheconditionsof exactdesignandhorizon-
talpositionof thevessel,theelectricalpotentialsaredistributed
proportionatelyto itslengthandcanbemeasuredinfl?actionsof the
appliedvoltage.To measurethepotential,themuvingcontactissiid
alongthepotentiometerandthereadingof itsscaletakenat thein-
stanttheforceof thesoundintheearphonesattainsa minimum.The
advantageof thedescribedcompensationmethodofmeasuraentisthe
absenceoftheeffectoftheapparatuson theabsolutevalueof thepo-
tentialat thepointofmeasurement.

Insteadofan electrolyticbath,it ispossibleto useelectro-
conductivepaper.Thebladeshapesarethencutfromthepaper.In
thiscasea direct-currentsourceandhighlysensitivegalvanometers
canbe used. .. .

Theelectro-hydrodynamicanalogymaybe conveni-tlyappliedto the
directproblemintheoryof hydrodynamiclattices.Itmaybe tisedto
establishtheconformaltransformationofa givenhtticeto theequiva-
lentlatticeof circles.Accordingtotheabovedescribedmethod(fig.
7-12],itis sufficientforthispurposetoknowthedistributionof the
velocitypotentialon a profileof the’latticeforanyconvenientflow
aboUtit,as forexample,an irrotationalflowwith !31= 132= 90°~
C1=C2=1, and t = 1. Themagnitudeof themeasuredelectricpoten-
tials(fig.7-15)mustthenbe dividedby thepotentialdrop(measti=d””
inthesameunits)overthedistanceof onepitch.Thismeasurement
mustbe madeata
nearerto itthan

In obtaining
profilesintoits

remotedistancefromthelatticeandcertainlynot
2t. —.

theconformaltransformationofa latticeof airfoil
equivalentlatticeof circleswiththeaidof theEH12A,

—
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thedirectmeasurementof thepotentialdistributionof theflowiscon-
ductedforthecaseoftheflowwithno circulationabouttheblades.
Withcertainassumptions,theEHRAmethodcanalsobe appliedfordi-
rectlymeasuringthevelocitypotentialandeventhevelocityitselfin
anyflowof an idealfluid,includingflowwithstagnationpointat
trailingedge.Themodelingschemeis indicatedinfigure7-16.The
exactformof theboundingwalls(streamlinesintersectingbranch
points)mayinprinciplebe obtainedby themethodo~successiveapproxi-
mations;practically,however,withthismethodtheremaysimultaneously
be givenwithsufficientaccuracythemagnitudeof theinletangleand
theshapeof theboundingstreamlines.Formeasuringthemagnitudeof
thevelocityatanypointof theflow,a probe1 isusedwithtwoparal-
lelneedlesplacedina holderat a smalldistancefzmmeachother.One
thenmeasuresthedifferenceinpotentialbetweentheneedlesinthedi-
rectionof thestraightlinepassingthroughthem. Inmeasuringthe
velocityon theprofile,bothneedlesareseton theboundaryof the
modelinthedirectionof flow.Formeasurementsintheflow,theprobe
isrotated.

In concluding,wemayremarkthattheEHDAmethodisemployedalso
forinvestigatingtheflowof an idealgaswithsubsonicvelocities. s
Forthispurposean electrolyticlayerofvariablethicknessor a net-
workmodelisapplied.Theelectrical.modelintheplaneof’theveloc-
ityhodographpermitsobtainingaccuratesolutionswithoutsuccessive
approximations.

7-4.FORCESACTINGONAN AIRFOILINA LATTICE;THEOREM

OF JOUKOWSKYFORIATTICES

Fordeterminingtheforcesactingon anairfoil,we isolatea por-
tionof theflow,as showninfigures7-17(a)and(b)..Theexternal
boundariesoftheisolatedregionaredefinedby thesegmentsab anddc,
paralleltotheaxisofthelatticeandoflengthequalto thepitch t.
Thelinesab anddc,strictlyspeaking,shouldbe atan infinitedis-
tancefromthelatticebecausetheflowparametersalongtheselinesare
assumedtobe constant.Theinnerboundaryof theregionisformedby
thecontourof theprofile.

Sincethestreamlinesadandbc areequidistantthroughouttheir
length,theresultantof theforcesactingon thesurfacesdefinedby
theselinesareequalandopposite.Theprojectionsoftheforcewith
whichtheflowactsontheprofilearedenotedby Pu end Pa. The
magnitudeof theseforcesmaybe determinedfromthemomentumequation.
In thedirectionnormaltotheaxisofthelattice,thechangeinthe
momentumisequalto

m(cal- ca2)= ‘(P2- P~)- ‘a

I..

0a(J

a

.
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where Pa isthecomponentoftheforceP inthedirectionnormalto
. theaxisofthelattice;themassrateof flowof thegasp= secondis

determinedfromtheformula

m= Plc~t= P2ca2t

Then

Pa= t[(P2& - P-&) + P2 - PI] (7-5)

Theprojectionof theforce P on theaxisof thelatticemaybe ex-
pressedby theequation

(7-6)

TheforcesPu and Pa referto a profilehavinga unitspan. -.-.

Equations(7-5)and(7-6)maybe representedinanotherformbyex-
•. pressingtheforcesPu md Pa intermsofthecirculationI’ and

theflowparametersattheinletandoutletoftheflow.
.

Accordingto theequationof continuity, -—-

Plcal= P2ca2= ma

where p isthemeandensityof thegas.

Thevelocityca ischosensuchthat

Cal+ ca2Ca= 2

It iseasilyshownthatwe thenhave
29~P2

P—‘01+P2

Thecirculationabouttheprofileis equalto

sincetheline
andopposite.

(7-7)

(7-8]

integralalongtheequidistantlinesad andbc areequal

—
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.

Aftersimpletransformations,weobtainfromequations(7-5)and
(7-6) .

J?a= t[P2- P1 - Pca(f=a- C*2)I

Pu = @ca

We makeuseof theequationof energy

c2kp1c; kp2”
J+ ——=—+ ——2k -In 2 k-l%

Sinee
2 2 *-C2
c1= Cal ul

(7-9)

(7-10)

(7-U) ■

where
C.fi+ c~

% = 2

andwe obtainfromtheequationof energy

L.k2 PI
Ca(cal- ca2)=~—-— --lp2 %(CW - @

.-

Substitutingthisexpressioninequation(7-9)andtakingintoaccount
formula(7-8)we obtain

[

k
pa=tP2-Pl-~

f

2~-

Pu= p17ca

Theforce Pa givenby expression(7-12)is
theformof a sumof twoforces

pa=Pa+APa

)]PI
+ pr~

<
(7-12)

(7-13}

convenientlyrepresentedin s

.
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where

and

Pal= prcu

[

k

r )12 PI
Al?a=tp2-pl -k---Pg-g (7-14)

Theresultantof theforcesPd and Pu wewilldenoteby ‘Y
andtheover-allresultantforceby P (seefig.7-17).

It isevidentthat

Theforce Py isdeterminedby theformula

SubstitutingthevsluesPu and Pa we obtain

/ ‘Y= f=’@=
But

2 2 “2
Cu +Ca=c

where c isthemeanvectorvelocity

same

+ 31 ++
c=—

2

Hence,theexpressionfor ‘Y intheflowabouta latticehasthe

formastheliftforceof an isolatedairfoil:

Py. & (7-15)

.
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Thedirectionof theforce P.,isperpendicular
of khemeanvectorvelocityc. T~isfollowsfromthe

Thus,theJoukowskyforceactingon anairfoilin

NACATM1393

to thedirection
obviousequation

a latticeis
equaltotheproductof themeandensityof thegasandthevelocity
circulationabouttheairfoilandthemeanvectorvelo~ity.Thedirec-
tionof theforce‘Y isdeterminedby therotationof thevelocity
vectorc by 90°inthedirectionoppositetothatof thecirculation.

We recallthatthemeandensityp correspondstithemeanspeci-
ficvolume;thatis,

.

.

(?)_=ll+l_1
P 2P1Q

Thuswe haveestablishedthat,incontrasttotheisolatedprofile,the &
resultantforceactingon theprofileina latticeisequaltothesum
ofthe Joukowskyforce(Py)andtheadditionalforce(A&a)perpendicular
totheaxisofthelattice:

.

$= Fy+f@a

Itis importanttonotethatthecharactersof theforces‘Y ‘d
ma aredifferent.Whereastheforce‘Y dependson thecirculation
oftheflowandbecomeszerofor r = 0, theforce&a doesnotdepend
directlyon thecirculation.4

Theforceactingon theprofilewasdeterminedforthegeneralmc-
tionof a gas. Withtheaidof theobtainedrelationsitisnotdiffi-
cultto investigatethemagnitudeoftheaerodynamicforceforcertain
specialcases.Thusjforexample,inpassingfromthelatticeto the
isolatedprofileitisnecessaryto increasethepitchof thelatticeto
an infinitelylargevalue.At an infinitedistancefromtheprofilethe
equationsP2= P1 and ~ = q, mustbe valid;hence,APa= O and
pu= 0. Inthecaseof isentropicflowabouttheisolatedprofile,the
theresultantforceactingontheprofileisthereforeequaltothe
Joukowskyforce

4NACAnote:
selectionofthe

P=py. prc

Thisresultisatleastpartia31ydependenton the
meanvelocityand.meandensity.
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where p and
Thedirection
locityof the

c arethedensityandvelocity
of theforceisperpendicularto
approachingflow.

27

oftheflow,respectively.
thedirectionof theve-

Passingto thecaseof theflowof’anincompressiblefluidabouta
lattice,itmustbe observedfirstof allthatin equation(7-14)the
secondtermon therightsideisproportionalto thechangeofthepoten-
tialenergyof theflow(withaccounttakenof thehydrauliclosses);
thatis,

bC9a)m

Inthiscaseof
equationgives

=d%”2)=-
an incompressiblefluidy~ =

c: 2- C2 P2t- 21— =
2 P

where p2t isthetheoreticalpressureh the

APa= -t(P2t- P2)

Thepressuredifferencep2t= p2 is equalto
lattice

~ = p,andtheener~

.

absenceoflosses.Hence,

thepressurelossinthe
.

P2t- P2= APn

and

Thus,inthecaseoftheflowof an incompressiblefluidabouta lattice,
theadditionalforceisnegativesndIs determinedby thelossesofpres-
sureinthelattice(thepressureloss Apn shouldnotbe confusedwith
thepressuredifferencep2 - PI)●

In theabsenceof losses,Apn= O and APa= O. Inthiscasethe
resultantforceisequalto theJoukowskyforce

P=Py.~c
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I
.

Thisresultforthelatticewasobtainedby N. E.Joukowskyin1912.5
.

7-5.FUNIMMENT!ALCHARACTERISTICSOFIALCI’ICES

Forevaluatinga lattice,energycharacteristicsaxegenerallyin-
troduced.Thisprocedureisdifferentfromthatusedforisolatedair-
foils.Theneedof energyconsiderationsisdeterminedby theprc?cedure
adoptedforthermodynamicanalyses.Theenergycharacteristicspermit
evaluatingtheeffectivenessoftheprocessof energytransformationin
thestagesoftheturbomachines.Thecomponentforcesactingon anair-
foilinthelatticeareexpressedintermsofthedynamicpressureof
theflowat theinlettothelatticeorbehindit. Inthelattercase
theformulasfordeterminingtheperipheralandradial-forcesareas-
sumedinthef’orm

,t=.xL_
u kp21$b

(7-16)

[ Note: C: isa coefficient.] o

and
2Pa

.
c:= —,

2b (7-17)
kp2M2

where P2 and M2 arethestatiapressureendnondimensionalvelocity
behindthelattice.

Analogously,theotheraerodymmiccoefficients~x and ~y may
be determined.Theseareemployedmainlyinthecomputationof com-
pressorlattices.

Inchoosingthefundamentalgeometricalparameterof thelattice,
thepitch,itisconvenientto employtheconceptofperipheralforce
determinedastheratio

Pu
%1”~

~Thepossibilityof generdizx theJoukowskytheoremtothecase
of theflowofa compressiblefluidthrougha latticewasfirst-pointed
outby B. S. Stechnkinin1944.Theexactsolutionwasobtainedby L. I.
Sedovin1948. ThebasisoftheapproximatetheoremofJoukowskyfor
latticesintheflowof a compressiblefluidwasproposedby L. G.“
Loitsyanskiiin1949.ThegeneralizedtheoremofJoukowskypresentedin

R

thissectionfora latticeinan adiabaticflowwasgivenbyA. N.
Sherst@.
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where P: istheperipheralforceonunitlengthof theprofilecorre.
spendingto the“ideal”rectangulardistributionofthetangentialpres-
sure(fig.7-18).Evidently,form incompressiblefluid(withlowin-
letvelocity)

p;= (P~- P2)B= : c:B

ThemagnitudePu isdeterminedby formula(7-6);then

No-ungthat
Ca

— andC2“ sinp2

G

(Cti- CU2)= Ca(cotPl+ cot132)

we obtainfinally

Themosthportantoftheenergycharacteristicsofthelatticeis
theefficiencydefinedas theratioof theactualkineticenergybehind
thelatticetothekineticenergythatshouldhavebeenavailableif
therewereno losses,

or,aftersimpletransformations

k) 1

k-1
T

21 Pol
T*= 1 -—— —k -1

-l%t ’02
(7-19)

-..__

where ?201~P02 arethestagnationpressuresaheadof andbehindthe
latti~eand M2t istheMachnumberbehindthe
i.sentropicflow.

Fomula (7-19)is suitablefordetermining
presserlattice.

latticeinthecaseof

theefficiencyof a com-
..

Thecoefficientof lossesofkineticener~ isdefinedby theobvi-
ousexpression
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.

Therealflowat theinletandoutletofthelatticeisnonuniform;
thevelocities,anglesof outflow,andstaticpressuresvaryalongthe
pitch. Theequationsof continuity,momentum,andenergymustthenbe

.

writtenin integralform. Thus,theequationof continuityforthesec-
tionsaheadof andbehindthelatticecanbe writtenintheform

t

J

t

J

~clsin~ldt= ~c2sinB2dt

o 0

Introducinga reducedflowrate q,we obtainafterelementary
transformations6

For Tol
tinuitygives

tJo

= T02

●

Theperipheral

rt

t

P~lql

J

Po2q2
— sin@ldt= — sin
& G

o

= To = constant,averagingof

~2dt

.-
theequationof con-

Jt(P@ sinP)cp= + poqsin13dt
o

forceIs inthiscasedeterminedfromtheequation
fit

Jo Jo

or,againintroducingthereducedflowrate q,we obtain7

~

t t

Pu = k&*
Jpolqlklsin2Pldt-

1
pozqz~pin2P2dt

o 0

6NACAnote:

T
~PTocq. .—
gRPot_

7NACAnote:A = & where a* iSthespeedof soundwhen c iS

sonic.Seeeq.(7-25).
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.

Averagingof theexpressionsundertheintegralsigngives
.

t

(Poqksin213)’=$Cp
J

pOqlsin
o

Fromtheequationof energy,thetemperature
latticeisaveraged,andthefollowingexpression

t

(PoQ~2sin!3)” *Cp=
J

pOqk2sin
o

..- .=-._ :.:—
. . .. . .-

2@dt .

oftheflowbehindthe
is involved:

~dt ‘ – ‘:

Fordeterminingthenondimensionalcharacteristicsofthelattice,
ttisnecessaryto formulatetheconceptof an ideal(theoretical)proc-
essinthelatticefora nonuniformflow.An idealprocessmaybe con--
sideredan isentropic.processforwhichinthesectioninvestigatedthere
remainunchanged,as ina realprocess,thefieldof staticpressuresand
thedirectionsof thevelocities.Accordingtoanotherdefinitionof an
idealprocess,theanglesattheinletandoutletofthe< equalto themeanof theanglespl and ~2 determined
equation.

Theaveragevalues,by theequationofmomentum,of
ofthevelocitybehindthelatttceareequalto

latticeare
by themomentum

...
theprojections

-tk6J I(c2sin’!%)cp= G E* ~ p02q2~2sin2B2dt

where G istheflowrateof thegasthroughonechannel
Themeanangleisthen

J
t

2 Po2@2sin2P@

i32cp= arctan o

J’

t
o ‘o##2s~ 2~2dt

.—
.

.

.-.__

.—:. .-—.— --

— . ..
.—

of the-lattice.
-.

(7-21) “-
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Besidestheefficiencyinthecomputationsofa stage,thereis
employeda coefficientofdischargeequaltotheratiooftheactualdis- “
chargeto thedischargeintheidealprocessn

%=
.

anda coefficientofmomentum

J po2q2SfIl~2dt
c1

(7-22)

(oftentermedcoefficientof veloci~y) k

J.

whichistheratioof themomentumsoftheflowin
processes.

Theefficiencyofthelatticeina nonu~iform
theformula

(7-23)

therealandideal
—

—
flowiscomputedby

b

Foranapproximatedeterminationof

u

rt
Po2@;s~P@ “

(7-24)
~2~cp

~p,equation(7-1S)maybe

pressurebehindthelattice.used,substitutingin itthemeandynamic
In thedenominatorof equations(7-21)to (7-24),thefunctionsq2t
and ~t maybe approximatelydeterminedfromthepressureratio
pti/pol,wherethemeanstaticpressurebehindthelatticeis

8Theindex t denotesthattheparametersrefertoan idealproc-
essinthelattice.[NACAnote: Theprimein eqs. (7-22)and(7-23)
andthedoubleprimeineq.(7-24)arenotdefinedinthetext.They
denoteidealconditionsforwhichtheauthorclaimsheusestheindext.
Laterinthetexthe doesuse t in q2t and X2t..-todenoteideal
conditions.]
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Inworking
cientsVij~iy
by theformulas

up theresultsof
and qi areused

l-q=

testsof lattices,thelocalcoeffl-
whicharedefinedforeachstreamline

and vi =

7-6.FRICTIONLOSSESINPLANELATTICEAT SUBSONICVELOCITIES

In theflowabouta htticethelossesofkineticenergqyproduced
by frictionintheboundarylayerandtheformationof eddiesinthe - 0
wakebehindthetrailingedgesaretermedprofilelosses.

Thepartof theprofilelossesdueto thefrictionmaybe ev&ated
ifthevelocity(orpressure)distributionoverthecontourofthepro-
fileisknown.Thedeterminationofthestructureof theboundarylayer
formedon theprofile,theestablishingof thepointsof transitionand
separationof thelayerisan tiportantpartoftheproblemofproffie
lossesinlattices.Thetheoreticalandexperimentalinvestigationsof
theboundarylayerinlatticespermitdeterminingtoa firstapprox*-
tionthelossesinfrictionforthecontinuousflowshouta profileand
findingthethicknessdistributionof theboundaryhyer on theprofile.

—

Theschemeof formationof theboundarylayeron a profileina
planelatticeis showninfigure7-19(a).Makinguseofthegraphof
thevelocitydistributionof theexternalflow,we followthecharact~’”
of thechangeof thelayeron theconcaveandconvexsurfacesof the
blade.On theconcavesurfacebehindthebranchpointthethicknessof
thelayeratfirstslightlyincreases.At thepointsof increasingcur-
vatureswherethevelocityof theexternalfloweitherdoesnotchange
or drops(thediffuserregionon theconcavesurface]thethicknessof .
theboundsrylayerincreases.At thesepointsoftheprofilethere
occursthetransitionof thelaminarintotheturbulentlayeror evena
separationofthelayer.

.,,
On theconvergingpartoftheconcavesurfacewherethepressure

dropssharply,thethicknessof theboundarylayerdecreasesandattains
.—

minimumvaluesat thepointof departurefromtheprofile.On thecon- “’
vexsurface,inthedirectiontowardthenarrowsection,thethickness
of thelayerlikewisedecreases,andat thepointsofmaximumcurvature
of theprofileit isa mintium.

Alongtheconvexsurfaceintheobliquesection,thereis-noteda
sharpincreaseinthethicknessof thelayerreachinga maxhnunvalue
at thetrailingedge. On thispartof theprofile(diffuserpartof the
convexsurface]theflowas a rulehasa positivepressuregradient
whichmayleadto separation(fig.7-19(b)). .—
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Theboundarylayerontheprofilemaybe computedifthevelocity
distributionof theexternalflowisgivenandtheconditionof the
boundarylayer(wh&heritislaminarorturbulent)isknown.Theex-

..

istingmethodsof computingtheboundsrylayerdonot-takeintoaccount
theeffectof theturbulenceoftheexternalflowandof strongcurva-
tureof theprofile.Indesigninga lattice,thefactorofpractically
mostimportanceisthedeterminingof thepositionof thepointof tran-
sitionfromthelaminarintotheturbulentflowandtheconditionsof
continuousflowabouttheprofile.As computationsandtestshaveshown,
thetransitionpointmostoftencoincideswiththepointofminimumpres-
sureon theprofileor issomewhatshiftedinthediffuserregion.In ~
thosecaseswheretheflowisstronglyturbulentorwhenlocalregions
areformedinwhich dp/dx> 0, in’theconvergingpartof thechannel,
thetransitionpointmaybe displacedagainsttheflow.

Thecomputationoftheturbulentpartsof theboundarylayeris
conductedas a functionof thecharacterof thevelocitypotentialdis-
tribution.Intheconvergingpartsor the?~ts of constantpressure,
(dp/dx4 O) inthecaseof smallvelocities(incompressibleflow),the
momentumthickness5* iscomputedon theassumptionthatthevelocity 9
distributionintheboundarylayerisgivenby an exponentiallaw.

.
IntheworkofN.M. Markov,thereisshownthesatisfactoryagree.

*

mentof theexperimentaldatatiththecomputedresults.On figure7-20
isgiventhevelocitydistributioninthebofidarylayeron theconvex
surfaceof thebladeof a turbinelatticenea&-theexitedge. ——

Thecharacterof thechangeofthenmmentumthickness&$ along
thebladeofa turbinelatticemaybe seenin”figure7-21(a)and(b),
wheretheexperimentalvaluesof 5* arealsoindicated.Forcomput-
ingthelayer,theexperimentalcurvesofthevelocityd~stribution~
of theexternalflowwereused.As maybe seenfromthe.curvesin fig-
ure7-21,theresultsof thecomputationsatisfactorilyagreewiththe
testdata.

Onthebasisof thecomputationalresultsof theboundarylayeron
theconcaveandconvexsurfacesof theblade,thefrictionlosscoef-
ficientinthelatticeiscomputed.

—-
Thefundamentalcharacteristicsofthelatticema be expressedinxtermsoftheknownparametersof thebound=”ylaier,52 and 5~, which

aredeterminedat theexitedgeof theblade.Denotingas=before(see
fig.7-19(a))by U2 and P2 thevelocityanddensityat_apointin
theboundarylayerat theexitedge,andby U20 thevelocityat the

..-

externalboundaryof theboundarylayerinthesamesection(theveloc-
ityof thepotentialflow),we setup theequationforthecoefficient
CT of thefrictionlosses.

T

.
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the
The-kinetic-ener~lOSS intheboundarylayermaybe expressedby .-
equation

We transformthisequationintotheform

It isnotdifficulttoobtain

since9

where

We set

k2=~ ’20and X20= —
a* a*

(7-25)

(7-26)

9NACAnote: Thispresumesthatthestaticpressureinthebound-
arylayeristhatof themainstreamandthattherecoveryfactorwithin
theboundarylayerisunity.

+
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Thenreferringto equation(7-25),theenergylossmaybewrittenInthe

Summingthelosseson theconvex
obtain

Po 3
~Y ~ ’20

andconcavesurface‘uftheblade,we

The
the

(7-27)

magnitude5- hasa concretephysicalmeaningibyanalogywith
**momentum-lossthickness5 , 8- isequaltothethicknessofthe

fluidlayermovingwiththevelocityu20 outsidetheboundarylayer)
thekineticenergyofwhichisequaltothekineticenergyofthebound-
arylayer.

Thecoefficientof lossesinfrictionis .*.-
‘%,np

CT= Et.

where q = Gc:o/2gisthekineticenergy

ticefortheisentropicprocessand G is

(7-28) .
I

of theflowbehindthelat-
theactua~flowrateof the-

gasthroughonechannelof thelattice,whichcanbe determinedby the
equation

LJo
where p20 isthedensityat
sectionattheexitedgeand
onechannelof thelatticein

Theaboveexpressionmay

.

h-5n
J

bn

G= Gt-g (P20U20- %u2)cndY+ (P201-120°- ‘2”2)boZ1dyo

theouterboundaryof thelayerinth~
Gt istheflowrateOEthegasthrough
isentropicflow.

be givenintheform—

1 1

PO
(~*%())cn+ (8*u20)boz%G= Gt - (7-29)

1
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In equation(7-29)

. A-

37

1‘J(
11

(
k

5*= 1 k

)

-+#o)k-’ ‘-l- $;””$ dy (7-30)
1 -—

0 k+l

Thetheoretical
formula

i>
Gt= g~tc2tt

flowrateof thegasmaybe determinedby the

1

(
‘-12 n p.

sin~2= l-—k+l %) ~ %%~*t ‘in$2

(7-31)

Substitutingexpression(7-31)inequation(7-29),we obtain

.+

.

(7-32)

By usingequation(7-27),theequationforthelosscoefficient(7-28)
nowassumestheform

(~wo)cn + ‘a~o)boz
~T=

[

1
E

l-~gt 1Xattsinpa-(~hao)-(a~()‘k

(7-33)

Bearinginmindthat

1

( ia p.G=%%=pp++< ) j@2ta*t Sk 132 “

*

.
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formula(7-33)canbe representedintheform –

or

)tik-12-—
k+l~t

where

Froma comparisonof
theflow-ratecoefficient

pp=l -

NACATM 1393
.

c.
a
u

(7-34)

8-
H-=—

8*

formulas(7-33)and(7-34),itfollowsthat
~ ise&to_ -

where

.

.

(7-35)

Foran incompressiblefluid,theremaybe obtainedfromexpressions
(7-34)and(7-35)

(H-&u~~)cn + (H-5YugO)bo~
CT= (7-36)

~c:tt sinp~
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and
—.

(7-37)

Inthiscase(fortheincompressiblefluid),thevaluesof’15y
and Z; aredeterminedby theformulagivenintable4-1.

Themagnitudes& and ~ enteringequations(7-35)and (7-36)
shouldbe determinedforthetwbulentandl.aminarboundarylayers
individually.

It isevidentthatthe
5* and 8* dependon the
thatis,on theflowregime
changeinvelocitiesof the’
gradientdp/dx).

-— . _.

valuesH- and H* andthe.magnitudes
velocitydistributionintheboundarylayer,
withinthelayerandon thecharacterof the
externalpotentialflow(thepressure

N.M.MarkovcomputedthevaluesH- and H* fortheturbulent
layerusingtheassumptionof an exponentialvelocitydistributionlaw
andforthelaminarlayerwith dp/dx= O. On figure7-22(a)and(b)
aregiventhevaluesof H- and H* fortheturbulentlayeras a
functionof Re* and A20 andforthelaminarlayeras a functionof-
120.

As an example,we shalldeterminethetheoretical-&gnitudeof the
profilelossesinturbinelatticesas a functionof theinletandexit
angles131and ~2. We assumethatthevelocitydistributionon the
profileisapproximatelythatshownby thedottedcurvesinfigure7-23
forallinletandexitangles.On theconvexsideof theprofile .

ccn/c~= 1.1 andontheconcaveside cboZ/c2= 0.5 approximately>
[subscriptscn and bo2 denoteconvexandconcavesides,respectively].
On thisassumption,thedensityof thelatticeE/t foreachpairof
valuesof the
l%comequation

anglesshouldhavea fullydeterminedvalue(seesec.7-5):
(7-18)

,

B 2 sinp@n(131+P2)
—=
t Cusin~1

wherethecoefficientof theperipheralforceis

Pu
cu=— =-p cn + ~bo2

&
‘T

.
.

...-—
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Fcn and ~oz beingthemean
concavesurfacesof theblade.

Fortheassumedvaluesof

NACATM 1393
,

pressurecoefficientson theconvexand

Ccn ‘d Cbol

2

()
cCn 2

F
()

Cb02=1-— = - 0.21 andCn C2 %02=1-~ = 0.75

thatis,Cu= 0.96.

Assumingfurtherthat

%0 = ‘2*

+.
“cn - ‘bo2‘=2 and Pp

we canrepresentthefriction-losscoefficient
form

= 1.

——

ofthelatticeinthe
?

(7-38) ●

On theassumptionof theexponentiallawof velocitydistributioninthe
boundarylayer(withexponent
to [Note:thisexpressionis
cf.Schlicting,p.470.]

8*= 0.0973

Tn expression(7-39),we

n = 1/7),themomentumthicknessisequal
verysimilar.tothatofE. Truckenbrodt;

-rs

0.37
~eo.2

0 1~ 3.86 0.8
dx~

-J

(7-39)

assumeRe = 105,andto estimatethearc
of theprofileS on the”convexandtheconcavesurfaceswe evaluate
approx&tely(fig.7-23(a)):

Thegraphsinfigure7-23(b),wherethefriction
~T isrepresentedas a functionof ~1 and j32,are

10Forthecaseof infinitelythintrailingedges

(7-40)

losscoefficient10
constructedw:th

thecoefficientCT Q
isequaltotheprofilelosscoefficientofthelattice.

—

.
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theaidof formulas(7-38)to (7-40).Thedottedcurvescorrespondto
constantvaluesof B/t. Notwithstandingtheconsiderablereservations
withwhichtheentirecomputationwasmade,theresultssrequalita-
tivelywellconfirmedby experiment.

,Thefrictionlossesdependon pl and 132~increasing with de- .“

creaseinthesewiththegreatestinfluenceexertedby 191.For
PI = B2 (inlatticesof theimpulsetype)thecurvesof equal ~T al- -
mostpassthroughthenormalto thestraightline PI= 132;thatis,in
thiscasethelossesdependessentiallyon themagnitude
ofrotationof theflow

We mayremarkthat
losscoefficientinthe

equalto

A~ = 180°- (PI+ 132)

theeffectofReynoldsnumberon
latticecm easilybe determined

of theangle

thefriction
by computation.

7-7.EEGELOSSESINPLANELATTICEAT!SUBSONICVELOCITIES

Theeddylossesat thetrailingedgeconstitutethesecondcompon-_
entof theprofilelossesina planelattice.Theflowleavingthe
trailingedgesalwaysseparates.As a resultoftheseparationthere
isan interactionbetweentheboundarylayersflowingofffromthecon-

....

caveandconvexsurfacesbehindthetrailingedge;vorticesthusarise
whichappearat theinitialpartofthewake. Thephotographsof the
,flowbehindthelatticepresentedinfigure7-24showthefor~tfonOf .“__
theinitialpartofthewake. “

A largeinfluenceonthe,wakeis exertedby thedistributionof the
valocityintheboundarylayerat thepointwheretheflowsfromthe
convex-andtheconcavesurfacesuniteandalsoby thedifferencein
pressureat thesepoints.Alongtheinitialpartofthewake,(includ-
ingtheregionbehindthetrailingedgewherea K&m&n vortexstreetis
formedwiththeusualchessarrangementof thevortices)theinteraction
betweentheeddywakeandthenucleusof theflowunifiesmanyproperties

---.—

of theflowfieldbehindthelattice.Thestaticpressureoftheflow
increasesandtheoutletangledecreases.As a result,kinetic-energy
lossessrise,analogousto thelossesin suddenexpansion.

Theparametersof theequalizingflowcanbe obtainedby thesimul~
taneoussolutionof theequationsof continuity,momentum,andenergy.
Thecontrolswfacesshowninfigure7-25areselected.Thesesurfaces _
areequallyspaced,whenmeasuredalongthelatticeaxis;andtheyen-
closethefluidinvolvedinthestudy.Theaboveequationscanbe writ-
tenforthefollowingassumptions:(a)thedensityoftheflowchanges
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littleas itmovesdownstream(fromsees.2-2 to 2’-2’);(b)thefield. .
of velocitiesandpressuresarehomogeneousbetweenthe”
pletelyacrossthesection2’-2’.

Theequationof continuitycanthenbe represented

r+t - At)sin132n= c%pt sinB2=

or

wakesandcom-

intheform

(7-41)

.

where
AtT=— t

Themomentumequationin

C;cos132np(t

thedirectionof theaxisofthelatticegives

- At)sinj32n= C~=cos~2~Ptsin~20Y f

or,withaccounttakenof (7-41),we obtain a

C2COSpzn= C2=COS$2= (7-42)

Themomentumequationinthedirectionperpendicularto thelatticeaxis
canbe writtenin

c~P‘ti2~2n(t

theform

-At) +p2(t -At)+p&t= c~=psin2P2=t+ P2=t

(7-43)

Fromequations(7-41)and(7-42)thereiseasilyobtained

~% = arctan[(l-~)tan132n] (7-44)

Equation(7-43)permitsfindingtheincreaseinpressurebehindthe
lattice

.
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Takingintoaccountexpression(7-41),we obtain
-——

.

(7-45)

Fordeterminingthetheoreticalvelocityat infinitybehindthe
lattice,wemakeuseoftheequationof energywhichfortheassumption
~de P2= PZ~= p maybe representedintheform

(+J2+P2a0=
2 T

where c;= isthetheoreticalvelocity

l?romexpression(7-46),we obtain

y \’2
~

ThevelocityC2 is expressed
tions(7-41)and(7-44),thus

c;=2

‘)
— =1-

interms

2
:+% (7-46)

inthesection2’-2’.

&’. (7-46a)

of C2= withtheaidof equa-

C2
+ = (1-@2sin2j32n+ cos2P2n= 1-
‘2

andwe have

Thecoefficientof

—

T(2 -T)sin2p2n

edgelossesis11

(7-47)

.—— -—

(7-48)
---—.

%?ormulas(7-45)to (7-48)givenherewereobtainedby G.Y.
Stepanovich.

-—
●
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Thenondimensionalpressurebehindtheedgesenteringequations(7-45)
and(7-48)is

anditmustbe determinedfromexperimentaldata.

Withanaccuracyup tomagnitudesofthesecond
with z thecoefficientof edgelossesisexpressed

Ckp“ - ~kp~

orderas compared
by theformula

—

Forsmallvelocities,accordingto testdata(seebelow)

Fromtheabovemguments,it isseenthattheedgelosseseredirectly
proportionalto T.

Accordtigto testdata,theequalizationoftheflowbehindthe
latticeoccursveryrapidlyat first,andtherateof ecyxalizationisa
functionof thegeometricalparametersof theprofilearidthelattice,
andisquitedependenton thethicknessof theedge.Theregionof in-
tensivemixingendsat a distancey = (1.3to1.7t)behindthetrailing
edge.Thisisconfirmedby thegraphsinfigure7-26inwhicharegiven
theresultsofan investigationofthewakebehinda reactionlattice
accordingtothedataofR. M.Yablonik.Figure7-26(a)showscurvesof
locallosscoefficientsof thewakeatdifferentdistancesbehindthe
reactionlattice.Onfigure7-26(b)is shownthevariationof thecoef-
ficientof nonuniformityintheflowfieldbehindthelattice.This
coefficientisdefinedby theformula ‘-

v Ca,max- Ca,min -.=
2Ca,m s—

where

Ca,maxand Ca,min maximumandminimumvaluesof componentvelocity
Ca inthegivensection

Ca,m meanvalueofvelocityCa inthes&&esection
—

A detailedinvestigationof theflowbehindthetrailingedgeof a
reactionlatticewasconductedby B.M.Yakub.Theresultsof these
testsrevealcertaineffectsof theshapeof theedgeson theflow

“

.,
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structureintheeddywake.
sidesof thewakeshowthat

Measurementsof static
thereisa considerable

45

pressureonboth
nonuniformityinthe.

pressurefieldalongtheboundariesof thewake(fig.7-27).Moreover,
thestaticpressurealongthewakeboundarieschangesperiodically.

As theflowleavestheconcavesurfaceofa libade,itspressure
.

mustdrop,whileontheconcavesurfaceitmustincrease.Further,be-
hindtheprincipaledgevortex,thestaticpressuredecreasesonboth
sidesof thewake,itthenagainincreasessomewhat,andsoon. Finally,
thereisa completeequalizationofthefieldof flow. Fromfigure7-27
itis seenalsothatthesmplitudeofthefluctuationsof thestatic
pressuredependsontheshapeoftheedge.Bymakinga two-sidedtaper
(sharpeningof theedgesb and c infigure7-27)itwaspossibleto
decreasesomewhatthenonuniformityofthestatic-pressurefield.

Thetestsshowedthata sharpenededgeof thetype b raisesthe
efficiencyof thelattice,as comparedwiththenormaledges,by 1 per-
cent.andthatan edgeoftype c increasedtheefficiencyby 2.5per-
cent(fora mediumvelocityof flow).It shouldbe remarkedthat,not-

6 withstandingtheirhigheffectiveness,theformingofverysharpedges
of thetype c introducesseriousdifficulties-becausesuchan edge
rapidlydeterioratesunderactualoperatingconditions..

7-8.SEVERALRE3ULTSOF EXPERIMENTALINVXSTICATIONSOF PIANX
.

LATTICESAT SMALLSUBSONICVIZOCITIES

Systematicinvestigationsof theeffectof thegeometricparameters‘- ‘- “
of thelatticeson themagnitudeoftheprofilelossesat,smallveloc-
itieswereconductedintheM. I.KalininLaboratory,theI. I.Polzunov
Institute,the1?.E.DzerzhinskiiInstitute,andinotherscientificre-
sesrchorganizationsandinstitutes.

We shallconsideras anexampleseveralresultsofan
investigationof theeffectof thepitch,thebladeangle,
of incidenceof theflowon thevelocitydistributionover
of an impulseandreactiontypelattice.

experimental
andtheangle
theprofile

Figure7-28showsthevelocitydistributionovertheprofile12of
a reactionturbineaccordingto thedataofN.A. Sknar.Withincrease
inpitch,theflowaboutthebackof theprofilebecomesimpaired.Along
a considerablepartof theconvexsurface,thepressuregradientisposi-
tive(seecurvefor % = 0.904 on fig.7-28).Inthisdiffusingregion
a boundarylayeris formed,anditsthicknessincreasesandincertain

.
l%he localvelocitiesaremadedimensionlessby dividingthereby

thevectormeanvelocity.-
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casesseparates.WithincreasingpitchthetionuniformityofthePlow
inthepassagesbetweenthebladesincreases;thevelocitieson thecon- .
vexsideincrease,whileon theconcavesidetheydecrease.At high
valuesof thepitch,theflowabouta profileinthelatticeapproximates
theflowabouta singleprofile(fig.7-28).

Theeffectof thebladesettingonthevelocitydistributionover
theprofileis showninfigure7-29(a).Themaximumfavorablevelocity
distributionfora givenprofileisobtainedata settingangle py= 50°.
In thiscasebothalongtheupperandlowersurfacethevelocitiesin-
creasemoreuniformly.

A changeintheinletangleof theflow(fig.7-29(b))greatly
affectsthevelocitydistributionalongtheprofile.Largeinletangles
tendto impairtheflowalongtheconcavesurface,whfiesmallangles
simtlarlyaffecttheflowalongtheconvexsurface.

Theinvestigationof an impulselatticeconductedby E.A. Gukasova
showsthat,similartothereactionlattice,a changeinpitch.causesa
considerablechangeinthevelocitydistributionalongtheprofile(fig. v

7-30). Forallvaluesof thepitchanadversepressuregradientis
foundimmediatelybehindtheleadingedge.Thediffusingregionextends “
overthegreaterpartof theconcavesurface,andonlyneartheoutlet
partdoestheflowreaccelerate.Ontheconvexsurfaceofthebladebe-
hindtheleadingedge,theflowacceleratesandr~chesa ~~um veloc-
itydownstreamof thepartof’greatestcurvature.We n~tethat,as for
theimpulselattice,diffuserregionsareformednearthetrailingedge
of theuppersurfaceforallregties.

Withdecreasingpitch,thenonuniformityof thevelocityfieldin
thechannelbetweenthebladesdecreases.A si.milertrendaccompanies
an increaseintheinletangleoftheflow;as ~1 increases,theflow
on theconcavesurfaceaccelerateswhiletheflowon theconvexsurface
slowsdown.A decreaseintheinletangleisaccompaniedby theappear-
anceof adversepressuregradientsneartheinletofboththeconvexand
concavesurfaces.Forinletanglessomewhathigherthantheprofile
angle Pin,themostfavorablegeneralvelocitydistributionisfound”

Thechangeof thecoefficientofprofilelossesin impulseandre-
actionlatticesasa functionof thepitchandinletanglemaybe seen
infigure7-31.Thecurvesshowthatforeachlatticethereexistsa
definiteoptimumpitchfortheminimumprofilelosses.Thus,forexsm-
ple,forthereaction_htticehavingtheprofileshowninfigure7-28,
theoptimump-itchis topt= 0.673.Fortherepulselattice)
~opt= 0.50-~.60.
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In spiteof thefavorablevelocitydistribution,ina closely
. spacedlattice(%< ~pt) thelosscoefficientisrelativelyhighbe-

causeof thegreaterlossesproducedby friction.Decreashgthepitch
alsocausesan increaseinthecoefficientof edgelosses.

.
Thecurvesinfigure7-31showthatforallpitchesa decreasein

theinletangle(belowtheoptimum)hasa sharpereffecton theeffici-
encythanan increaseintheangle.An increasein ~p alsonotedfor
131>@b fortheimpulselatticeoflargepitch.It shouldbe empha-
sizedthatasa rulethevaluesof theoptimuminletanglesexceedthe
geometricangleof theprofile.

Fromtheresultsoftheinvestigations,itcanbe concludedthat
the~erimentaldeterminationof theoptimumpitchmustbe carriedout
overa widerangeof inletangles.

‘Thetestsshowthatthedirectionoftheeqwlizedflow”behindthe
latticemaywithsufficientaccuracybedeterminedby formula(7-44).

a Thefamiliarformulagivenintheliteraturefordeterminingtheeffec-.
tive(actual)angleof

givessomewhatlowered

‘2e withtestresults

theflow

valuesof ~2.
areobtainedby

f12e=arcsin

At smallvelocitiestestsco~~

Moreclosely
formula

a2
t -At

thatforall
theoutletflowanglesof a reactionlatticedepend

(7-49)

agreeingvaluesof

. -.

(7-50)

practicalpurposes,
onlyslightlyon the

directionof thefiowat inlet,thatis,on the-angleBI.(fig.7-32).
Theangle 132is,however,influencedtoa largeextentby thepitch
andthesettingangleof theprofile.Withan increasein 13yand %,
theangle ~2 increases.13

Similarresultsareobtainedalsofortheimpulse”lattice.In
thiscase,however,thedeviationbetweenexper-ntalandcomputedval-
uesof theoutletanglesincreases.Accordingtothedataof a number
of teststheoutletflowangleincreasessomewhat,as theinletflow
angleincreases.

13Analysisof formula(7-44)leadsto thesameres~ts..

.
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Immediatelybehind
nonuniform;theangles
greatestchangesin 132

the
$2

lattice,thefieldof theflowanglesis
varyalongthepitch(fig.7-33).The

.

arefoundneartheboundari~sof thetrailing
eddywake. Withincreasingdistancefromthelattice,theflowequal-
izesandthevaluesof thelocalanglesap~oachthemeanvalue $2=●

Thenonuniformityof thefieldbehindthelatticedependson the
inletflowangle.Witheithera decreaseor a considerableincreasein
theinletangle;thenonuniformityoftheflowattheoutletincreases.
Particularlyunfavorableisa decreaseintheinletangle. g

Theresultsof numeroustestsoflattices-atsmallvelocitiesina
uniformweaklyturbulentflowpermitdrawingseveralgeneralconclusions
as to thecharacterof thechangeinprofilelossesinlatticesas a
functionof theparametersdefiningtheflowregime(inletangle 131
andReynoldsnumberRe)andof thefundamentalgeometricalparameters
of theprofileandlattice.

A studyof theeffectof theangleof inletflow,angleof thepro- F

filesetting,andthepitchforfixedvaluesof Re showsthat,inthe
caseswherea changeinthesemagnitudesresultsintheformationof ad- d
versepressuregradientson theprofile>theboundarylayerthickens,
andthetransitionfroma laminartoa turbulentboundarylayermoves
upstream.As a result,thefrictionlossesincrease.In certaincases
theboundarylayermayseparateintheregionswherediffusionoccurs,
a circumstancewhichleadstoa sharpincreaseintheprofilelosses.
A decreaseintheinletflowangleandan increaseinthepitchincreases
thelikelihoodofadversepressuregradients.Inthisconnection,it
shouldbe remarkedthatinimpulselatticesthelossesasa ruleare
greaterthaninthereactiontypewhicharecharacterizedby a morefa-
vorable(converging)pressuredistributionovertheprofile.Theabove
consideredtestsshowedthattheminimumlosscoefficientinan impulse
latticeconstitutesabout7 percent,whileinthereactionlatticeit
isabout4 percent.

Changesin Pl,%, and ~ havean effecton themagnitudeof the
edgelosses.

Theeffectof theReynoldsnumberontheefficiency-ofthelattice
hasnotyetbeensufficientlystudied.Theavailabledatashowthata
changein Re hasdifferenteffectsontheprofilelossesinthelat-
tice,dependingon theinletangleandthegeometricalparametersof the
lattice.If separationoccursontheprofile,theprofilelossestend
todecreasemarkedlywithan increasein Re2. Fornonsetiratingflow
abouttheprofile,theeffectof Re2
(fig.7-34).

forthereactionlatticeissmall -

.

1
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7-9.FLOWOF GASTHROUGHIJN?TICEAT IARGESUBSONICVELOCITIES;

C!RTTICAL~ mm fiRmTTICE

Thefundamentalcharacteristicsofthepotentialflowofa compress-
iblefluidina latticeat subsonicvelocitiesisqwlitativelythesame
as thatof incompressibleflow.Thenetworkof streamlines~ = constant
andequipotentiallines @ = constantremainsorthogonal,butit isno
longersquare.Thevelocityatanypointoftheflowis

dz % d$c ‘m=T=

and,as a result,when A* = A$ = constant,then
theplaneof thehodograph,thenetworkoflines
w = constantisno longerorthogonal.According
equalityoftheflowrateaheadof andbehindthe

For c1< C2,theprojectionofthevelocity
axisofthelattice(c2sinB2)becomeslarger
of thevelocitycl. Thedistributionofthe

C2

AS/AnS p/~aSl. In
@ = constantand
to theconditionof
lattice,we have

on thenormalto the .

thanthesameprojection
relativevelocities

/E = c c2,incontrasttothecaseof theincompressiblefluid,depends
on theabsolutevalueof thevelocity,ormoreaccurately,ontheMach
numberM at anydefinitepointof theflow,forexample,on M2 = c2/a2.

Anapproximatemethodof estimatingthevelocitydistributionover
..-

theprofilemaybe usedto establishthecharacteristicregimesof the
flowaboutthelatticeat subsonicvelocities.Theapprox-temethod
isbasedonthecircumstancethatinmodernturbinelatticesof high
soliditytheflowbetweentheprofilesmaybe consideredasa flowina
channel.14

Theflowvelocityinan interbladepassageof constantwidthand
curvature(fig.7-35)canbe determinedina particularlysimplemanner.
A comparisonwithmre accuratetheoryshowsthatfora perfectgasthe
velocitydistributionacrossthechannelapproxfms.telysatisfiesthe
equation

Rcne= — CcnR (7-51)

14Themethodconsidered,proposedby A. Stodola,wasdevelopedsub-
sequentlyby G.Y. Stepamov.
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Thevelocityon theconvexsideoftheprofileCcn canbe deter-
minedfromtheequationof continuity

f

%01
clP~tsinPL= CPdR (7-52)

Rcn

In equation(7-52)it isconvenienttotransformtothenondimensional
functionsq and A

s

%02
qltsin~1= qdR

Rcn

Usingexpression(7-51),we obtainfinally

~“’o x~oz
qltsinP1= &Rcn qd~ = AcnRcnI.

h xI (7-53)
cn cn

Computationof theintegralI forsmallsubsonicvelocitiesgives(the
constantof integrationisomitted)

I1=mlln~ (7-54)

where

1-

k+lk-l
()

ml.—
2

Fora gaswith k = 1.4 we obtain

[
12= ml cosh-1 1

(
23 Qm2x2.+

q - R- 15 2 *m~X4)~-] (7-55)

=

r

.

..-

where ck-lm2=—
k+l

.

.
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For k = 4/3 we have

IfthecomputedfunctionI isused,theequatfon
writtenintheform15

qltsinJ31
Rcn = ~cn(IboZ- lcn~

where Icn by eqwtion(7-54)or (7-55)correswnds
correspondsto \oZ = Rcn/~~~h~n”

)66m2A (7-56)

of continuitycanbe

(7-57)

to &n and Ibol

.-

.

It ispossibleto applytheprocessof successiveapproximations
forcomputing&n by equation(7-57}~sincetheexpressioninParen--
thesesdependslittleon X=n. Inthefirstapproximation

Jl) = ~t sin$1

cn ‘boZRcnln—R=n

;7-58)

Then,inthefollowingapproximation>Icn -d Ibo2aredeterm~edfrom
@
cn

‘[:)‘*

(7-59)

andsoforth.For Xcn< 0.5 thefirstapproximation(7-58)issufft-
cient.Thesolutionof equation(7-57]isconvenientlyrepresentedin
theformof the

T
aphshowninfigure7-36,whichgivesthemagnitude

qcp“ qlts~ PI (N2 - Rcn)as a functionof Rcn/~02 forvarious
valuesof hen. -.

A criticalvalue ql+anda correspondingX1* or Ml* denote
criticalflowinthelattice;thatis,a conditionwhereAcn= 1. In
thecurvedchannelforwhich Rcn&ol < 1, thegraphinfigure7-36in-

dicatesthatthemaximumflowisattainedforsome il> k~.

15NACAnote: Subscriptcn refersto convexside,boZ toconcave
side.
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Theabove,describedmethodcan
locitywithinan interbladepassage
Forthispurposeit isnecessaryin
circlesas showninfigure7-37and

.
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alsobe appliedforfindingtheve-
ofvariablewidthandcurvature. .
thesectionof interestto inscribe
todeterminetheirdiameterandalso

theradiiof curvatureR& and F$02 atthepointsof tangencyof the
circles.ForcomputingthevelocitiesAcn and ~02:?;orm~as(7-58)
and(7-59)maybe usedsubstituting,forexample,

,
R !=R “Rbol= R&n+ acn cnJ %m*.

or
R R~n

Rbo2-Rcn”a; ~=—
%02

Ror Rboz= ‘~oIJ Cn= R:ol- a. Thedifferencesinth=valuesof kcn
and kbo2 obtainedineachcasecharacterizetheerrorof theapplied
method.As an example,in figure7-37areca~Paredthe-resultsof the ?
exactsolution(intheflowofan incompressiblefluid)withtheresults
of computationsby thedescribedmethod.Thesatisfactoryagreementof’. :
thevaluesofthevelocitiesthatisobservedalsointheotherexaples ●

atteststothefeasibilityofapplyingthismethodforpreliminary
16computations. —

Letus nowconsiderflowofa gasthrougha reactioalatticewhen
—

thevelocitiesarenearlysonic.Fora criticalvalueOC M2= M2+ at
a certain(critical)pointof theprofile,thecriticalvelocityis
reached.Withfurtherincreasesin lV12,thepressuredistributionahead
of thiscriticalpointchangeslittle.Thepressuredis~ibutionbehind
thepointof sonicvelocitychangesconsiderably.In..theso-calleddif-
fusing(i.e.,for.subso”nicflow]regionbehind.thiscriticalpoint,
thereisan increaseinthesupersonicveloc”it% .-

Theexperimentaldeterminationof thecriticalvalue~M2* shows
thatitsmagnitudelargelydependson thegeometricparametersofthe
profile,theLattice,andthedirectionof theflowat the.inlet.Ina

16Thismethodof computingtheflowina channelwasbasedonthe
approximatedeterminationof thelengthof tfie@tentiallineandon the
assumptionthatthedistributionalongitofthecurvature,ofthestream-
linesdifferslittlefromthecaseofvortexflow.witha.cer~intom- , ‘
plicationof”thecomputations,thismethodcanbe.rendered-moreaccurate
by thesuccessiverefinementsin estimatingthedistributionof curvature. “

.
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reactionlatticeforan entryangle 131= j31n,thevaluesof %* de-
. creasetithincreaseofpitchbecausethelocalvelocitieson thecon-

vexsurfaceat thepointsofmaximumcurvatureincrease.In figure7-38
areshownthecurvesofmaximumvelocitieson thebackof theprofileas
a functionof M2. EYomthesecurvesthevaluesof M2+ canbe deter-
mined.For 1>M27MX ontheconvexsideoftheprofile,localre-
gionsof supersonicvelocitiesareformed,theboundariesofwhichare
thelinesof transition(M= 1) anda systemof weakshocks.

Experimentshowsthatthesupersoniczonesmayarisesimultaneously
intheflowregionadjoiningthetrailingedgeandtheboundariesof the
wake. Becauseof theloweredpressurebehindthetrail”tigedge,theve-
locitiesoftheparticlesleavingtheupperandlowersurfaces(outside
theboundarylayer)increase.Thisaccelerationmayleadto theforma-
tionof zonesof supersonicvelocityadjoiningtheboundariesof the
wake. In correspondencewithexperimentaldataobtainedat a small
pitch,the”supersoniczoneswe formedfirstat thetrailingedgesthem-
selvesandthenprogresstothemorecurvedpartof theconvexsideof* theprofileintheinterbladechannel.Fora largepitch,on thecon-
trary,supersonicvelocitiesarisefirstin thechannelad$oiningthe
convexsurfaceof theblade.Thisisconfirmedby theresultsofmeas-.
urementsof thepressurebehindthetrailingedgesandof theminimum
pressureon theconvexsurfaceof theprofileinlatticesofvarious
pitches.

Thecriticalvaluesofthe
for ~1“ Pln as a functionof
isseenfromthepyaphthatfor
forwhichthecriticalvelocity
andbehtidthetrailingedgeof

.-

number%* areshowninfigme 7-39
the-pitchfora reactionlattice.It
eachlatticethereexistsa pitch %+
isreachedsimultaneouslyon theback
theprofile.

In an impulseI_attice,L”’thecriticalM numberislowerthanthat
of a reactionlattice,thisfactisa resultofthegreatercurvatureof
theimpulseprofile.Localsupersonicregionsin theimpulselattice
mayarise,dependingon theinletanglegeartheleadingedge,on the
convexsurfaceandatthetrailingedge. —.

Thegraphsshowninfigures7-40and7-41characterizetheeffect
of thenumberM2 (andalso Ml)on thepressuredistributionoverthe
profileforthetwofundamentaltypesof lattice.Withan increasein
M2,theabsolutevaluesofthepressurecoefficientsincrease.The
characteristicpointsof thepressurediagram(pointsofminimumpres-
sure]aredisplacedinthedirectionoftheflow. Forsmall-les ~1

17FortheimpulselatticethecriticalM numberis sometimesre-
. ferredto theinletvelocity.

.
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andlargenumbersMl,experimentshows
point 0~ alongtheconcavesurfaceof
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thedisplacementofthebranch
theprofile.” .

Theeffectof compressibilityshowsupmoremarkedlyontheconvex
surface,wherethepressureschangemorerapidly;thepressuregradient
alongtheconvexsurfaceincreases.Correspondingly,theflowinthe
diffusingregionontheconvexsurfacealsochanges.Sincethemln-
pressureon theprofiledecreases,thepressuregradientinthediffus-
ingregionof thissurfaceincreases.ThepressureChangesparticularly
sharplyon theconvexsurfacenearthenarrowsectionof thechannel. ~
Similarly,butmoresharply,theeffectofthecompressibilityreveals
itselfin thepressuredistributioninan impulselattice.

A changeintheinlet
an impulselatticesharply
larlyattheinletpartof

flowangleatlargesupersonicvelocitiesin
affectsthepressuredistribution,particu-
theprofile(fig.7-42).

7-10.PROFILELOSSESINLATTICESAT LARGESUBSONICVELOCITIES““
.-:.-.

.

Theresultsof experimentalinvestigationpermitestimatingthe
changeintheprofilelossesinvariouf””latticesat subsonicandnear .
sonicvelocities.

-.—

For M2< M2+,withincreasingflowvelocity,theeffectof the
compressibilityonthelossesdueto frictiondepends:ontheonehand
on thechangeinthepressuredistributionovertheprofile.Increas-
ingthevelocityincreasesthediffiionontheconv& surfaceand,
hence,increasesthelosbes.On theotherhand,increasingtheveloc-
itychangesthevelocitydistributionwithintheboundarylayeritself;
andthistendsto..decreasethelosses.

Theinvestigationof thewakeat largesubsonicvelocitiesshows
thatthepressurebehindthetrailingedgedropswithincreasingvalue
of ~; thisbehaviorisparticularacutewhenthevelocityisapproxi-
matelysonic.Infigure7-43isshownthedependenceOf ~p on M2

for.aroundedtrailingedge. It isseenthatwithan increasein ~,
thevalueof ~@ decreasesandreachesa minimumvalueat
M2_ 0.9- 1.0. Witha furtherincreasein M2,thepressurebeh~nd
thetrailingedgeincreases.Theintensityofthevor>lcebehindthe.
trailingedgeandthewidthanddepthof then-wakeareincreased(fig.
7-44). At thesametime,for ~ < 1, theextentof’thesmoothedout
pvt of theflowbehindthelatticeincreases. .

.
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Foran approximateestimateof ~kp at
. formula(7-48)maybe employed,substituting

55

largesubsonicvelocities,
thetestvaluesof ‘mm

(fig.7-43). Thus,takingintoaccountthefactthatthetrailing-~dge
lossesincrease,withan increasein M2,thecharacterof thechange
of thecoefficientofprofilelossesasa functionof M2 isdetermined
by whicheverof theabove-mentionedfactorsisthedecidingone. In the
finalanalysis,thisanswerdependson thegeometricparametersof the
profileandlattice.

Inreactionlatticestheapproachtonearsonicvelocitieswhile
M2< M2* doesnotleadto anyconsiderableincreaseinthelossesif
theflowintheinterbladechanneliswithout.separation.

We recallthattheresistancecoefficientof a singleprofile
sharplyincreasesinthezoneofnearsonicvelocities.In theflow
abouta singleprofile,thelocalshockwaveshavea considerablygrea”t&r
intensity,andinmanycasestheflowseparatestotheimpairmentof the

+ flow. Theenergylossesinthelocalshockwavesofa latticearenot
large,andtheyevidentlydonotappreciablyincreasetheloss
coefficient..

In a reactionlattice,thanksto theconvergingflow,thelocal
.-

shockwaveswithinthechanneldonot,as a ruleleadto separation.In
thosecaseswheretheflowseparatesat supersonicvelocities,however,
thelosscoefficientincreasesmorerapidlywithincreasein M2.

-.
Figure7-45gives <p curvesforseveralreacti~nlatticesconsist-

ingof differentprofilesqndfortwoimpulselattices.We notethat
sincethetestlatticeshaddifferentprofiles,thedottedcurvesinfig-
ure7-45donotcharacterizetheeffectofpitchalone.

Theeffectof theincompressibilityon theprofilelossesismore
markedforinpulselattices.Thecurvesinfigure7-45clearlyconfirm--

thisconclusion.18 It shouldbe emphasized-that,forlargevelocities,a ‘–
changeintheinletanglehasa particularlymarkedeffecton theloss
coefficientintheimpulselatticeCp●

Inpassingto largeinletangles
.

(61> ~ln)~thelossesinthe~ulse latticedecrease”
. —

-.

l%he resultsof thetestwereobtainedon anapparatuswithcon-
stantbackpressure.WithincreaseinthenumberM2 thereisa simul- ._
taneousincreasein Re2. As waspointedoutinthepiecedtigsection,”

,.

. theincreasein Re2 leadsto a loweringof thelosses.Itmaybe-as-
sumedthatfor Re2= constantthechangeof ~p asa functionof M2

. wouldbe somewhatsharp=.
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Detailedinvestigationsof theflowstructureshowthatan Increase
in M2 leadstoan increasingnonuniformityof thefieldbehindthe .
lattice(figs.7-46and7-47).

AnaSysisof theeffectofcompressibilityon theflowstructurein
latticespermitsdrawingtheconclusionthattheoptimumpitchof the
profilesdecreasesas thevelocityincrea~s.Withdecreasingpitchj
thenonuniformityof thedistributionof theflowbetweenthebladesis
reduced. 04

@m
Ofpracticalinterest,isthechangeoftheflowdirectionbehind 4

thelatticeasa functionof M2. Testsshowthatfor M2< M2* the
compressibilityhasonlya slighteffecton.themagnitudeof themean
anglebehindthelattice.Forthemajorityofreactionlattices,there
isfirstnoteda certaindecreaseandthenan increasein 132within-
creasein M2. For M2 > M2*,themeanangleas
increasein M2 (fig.7-48).

7-11.FLOWOFA GASTHROUGHREACTION

SUPERSONICPRESSUREDROPS

a ruleincreaseswith

LATTICESAT

Inconventionalguideandreactionlattices,theflowvelocities
at theinletaresubsonic;thetransitionto supersonicvelocitiesoccurs
intheinterbladepassages.We willfirstconsiderthefundamentalprop-
ertiesandstructureof theflowinplanereactionlatticesforsuper-
sonicpressuredropswhen

P2[PQ2> S*

Thesuccessivechangeof thesupersonicregimsof theflowina
latticeisshownschematicallyinfigure7-49. Inthe..nsrrowzoneof
an interbladepassagethecriticalvelocityis est&blished.19Behind
thetrailingedgethepressureisbelowcrit_i_cal..~n$.heflowaboutthe
point A (fig.7-49(a))thepressuredropsandthefan_nfexpansionABC
fallontheconvexsideof theneighboringpz’ofileandarethenreflec-
tedfromit. Theinitialandreflectedefiansionofw=vesoverexpand
theflow;thatis,thestaticpressurebehindthewaveABCislessthan

lgThetransitionsurfacecoincidesapproximately&.ththenarrowest
sectionof thepassage.Actually,asa consequenceof thenonuniformity
of theflowintheconvergingpart.andtheeffectofviscosity,thetran-
sitionsurface”hasa certaincurvatureandisdisplacedupstream.

.

.

.
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thepressureat infinitybehindthelattice.Thefurtherdevelopment
of theflowdependstoa considerableextentonwhatpressureisestab-
lishedbehindthetrailingedgeorAE. The-boundingstreamlinesof the
gasleavingtheconcaveandconvexsurfacesof theprofileapproacheach “ ‘-
otherandarethensharplydeflectedata certaindistance-behindthe
edge.At theboundariesof theinitialpartofthewake,a systemof ““‘----–
weakshocksariseswhichmergewiththeobliqueshockFC,whichis
formedat thepointsofdiscontinuityof thewake.

Theobliqueshockinteractingwiththeboundarylayerontheconv~
surfaceof theprofileisreflectedzoahdagainimpingeson thetrailing
wake. Dependingon themean l%p numberinthissectionof thewake,
thereflectedshockeitherintersectsthewake(Mkp>1) or isreflected .
frOIllitsboundary(if ~p ~ 1). Thus,theflowm&ing alongtheconvex
surfaceofa profilesuccessivelypassesthroughthepri.raryandreflec-
tedexpansionwavesandtheprimaryandreflectedshocks.

Thebehaviorof theboundingstreamlinesinpassingofftheedge
dependsessentiallyon theratioof thepressuresat thepointD to the
pressurebehindthetrailingedge. Ifthepressureoftheflowat D--is
greaterthanthatbehindtheedgesection,thenthereisformedatthe
pointD an expansionwave;andtheflowabouttheedgeisimproved.The
stremlineleavestheprofilenotatpointD,btitatpointE (fig.
7-49(a)).Onaccountof thecurvatureof thewakeEF andtherotating
of theflownearthepointE, therearisesbehindtheexpansionfanDLK
a systemof weakshocksmergingwiththecurvedshockFH,whicharises
at thepointof turningoftheboundaryof thewakeF. Thesystemof
thetwoshocksFC andFH formsthetrailingshockoftheprofile.

Ifonpassingthroughthesystemofwaves,thepressureof theflow””-’“:
nearthepointD isbelowthepressurebehindtheedge,a shockarises
at thepointD. In thiscasethewakeincreases.

Onpassingthroughthesystemof expansionwavesandobliqueshocks,
theindividualstreamlinesaremultiplesmdvariouslydeformed.On in-
tersectingtheprimaryrarefactionwave,thestreamlinea-adeflects,
turningby a certainanglewithrespectto thepointA (theanglebe-
tweenthetangenttothestreamlineandtheaxisofthelatticein-
creases).Thereflectedwavesomewhatdecreasestheangleof deflection.

‘~he reflectionremainsnormalevenatlargeanglesof incidence
of theprtiryshock(E2~ e+),sincetheinteractionoftheshockwith

.-

.

---

.-
—

—

theboundarylayeron theconvexsurfaceoccursinthezoneof negative”_
pressuregradients(theeffectof thereflectedrarefactionwave).

— ..

Withina widerangeof velocities,theseparationof thelayerinlat-
ticeswithrelativelysmallpitchisnotobserved. .—

.,
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of thestreamline.On intersectingtheprimaryshock,thestreamlineis
sharplydeflectedintheoppositedirection(theangleofthestresm- .
linewiththeaxisof thelatticedecreases).Inpassingthroughthe
reflectedshockCP,theangleof thestreamlinewithaxisofthelat-
ticeagainincreases. .---,,

Withan increaseinthepressuredrop-throughthelattice,the
flowspectrumbehindtheminhmmareasectionchanges~theintensity
andcharacterof arrangementoftherarefactionwavesandshockschange.
Theextent(andthereforethefntehsity)oftherarefagtionwavein- %
creases.Theanglesof theprimary,reflected,andedgeshocksdecrease. m4
ThepointwheretheobliqueshockFC falls(pointC) isdisplaceddown-
stream(fig.7-49(b)).In correspondencewiththis,thecharacterof
thedeformationof theindividualstreamlineslikewise“changes.With .
increasein &2 themeanoutflowangleincreases.

Theexpansionoftheflowwithintheconfinesof thelatticeends
fora certainrelationof thepressurese2= CS. For-flowconditions~
nearthislimitingregime,theprimaryshockiscurvedandformsa cer-
tainsmallanglewiththeplaneoftheoutletsection.The exactde-

?

terminationofthevalue es isthereforedifficult.Thelimitingre-. --
gimemaybe consideredthatforwhichtheprimaryshockfallsatthe #

pointDof theedgesection(fig.7-49(c)).

If 82< es,theexpansionof theflowcontinuesbeyondthelat-
tice(fig.7-49(d)).Thesystemof shocksatthetrailingedgeremains
essentiallyasbefore,butthewakebehindthe-edgeIsconsiderably
diminished.Theleftbranchofthetailshock(theshockFC infig.
7-49)fallsinthesubsonicpartof thewakeoftheneighboringprofile
anddeformsitsboundary;thepressurebehindtheedgeincreases.The
Intensityof theshockincreasesat thepoint.D’,andin.certaincases
separationoftheflowoccurson convexsurfaceof theblade(pointD’).

Thewakebehindtheedgeisgreatlyweakened.Insuchregties
separationisobservedmainlyinlatticeswithrelativelylargepitch.
It shouldberewrkedthatfor .52<< es theseparationsvanishasa
rule. TheprimaryshockfallsinthesupasO@ part of~~hewake(fig.
7-49(e)).Thepressurebehindtheedgedrops,andtheseparationon
thebackiseltiinated.Thus,a verycharacteristicpropertyof the
regimesS2< cs istheinteractionof theprimaryshockwiththewake
at theedge.

TheshockFC passingthroughtheflowfieldbehindtheoutletsec-
tionsharplydecreasestheangleof deflectionof theflow.Thisis
particularlywellmarkedby thedeflectionof thewakeneartheedge.

.
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Theaboveconsideredschemesof flowareillustratedby photographs

oftheflowspectrabehindthethroatandat theexitfromthereac-
tionlattice(fig.7-50].Thereishereseenthefundamentalsybternof
wavesandshocks,thedeformationof thewskebehindtheedgefordif-
ferentregimes,andalsotheinteractionbetweenthewavesandshocks
withtheneighboringprofilesandwakes. .

Theflowspectraaregivenfortwolattices:%= 0.543(fig.7-50)
and ~ = 0.86(fig.7-51).Thephotographsshowthatinthelatticeof
smallpitchtheflowisvoidof separationforallregimes.In thelat-
ticeoflargepitch(%= 0.86),separationoftheflowonthebackof
theprofileoccursfortheregimes&p= 0.288- 0.258.In figure7-51

.

(photographs(a)and(b)) thereiscl~arlyseenthevortexst~c~w% of
thetrailingwakeandtheconsidaablenonuniformityof theflowbehind
thelattice.

Figure7-52givesthepressuredistributionbehindthethroaton.
.>
-.-—

theconvexsurfaceof a profileina reactionlatticeforvariousratios

C2= P@ol “ Thecurvesshowtheconsiderablenonuniformityof thepres-

y sureon thebackof theblade.Behindthethroatsection(i.e.,atthe
$ points2 to 6)theexpansionof theflowmaybe observed;thepressureat

thesepointsislowerthanthepressurebehindthelattice.Theexpan-
sionendswitha sharpincreaseinthepressureatthosepointsonthe
convexsurfaceof thebladewh-eretheincidentandreflectedshocksin-
teractwiththeboundarylayer.Withan increasein &2,thezonesof .
maximumexpansionon theconvexsurfaceaswellasthesharpincreaseof
pressureintheshocksarebothdisplacedalongthebacktowardthetrail-
ingedge.

.
Intheregimesof limitingexpansion(S2= es))thepres$ur~along

thebackoftheprofilecontinuouslydrops.Thepressfiebehindtheex-
pansionwavesat allregimesE2> ES decreasesasthepitchincreties; .—

Theeffectof thepitchon theintensityof theshocksbehindthe
throatisseeninfigure7-53.Thecharacterofthecurves‘pi/pi,min
(Ap2 istheincreaseinpressurethroughtheshockwaveimpingingOri‘
theconvexsurfaceof incidenceof theshockwave}dependson thepitch. “
Withan increasein ~ themxhum intensityof theshocksat firstde-
creasesandthenincreases.At thesametime,themaximum‘p2/pi,min
shiftsinthedirectionof highervaluesof &z.

.-

Thedetailedinvestigationof theflowinthesections~ehindthe —
latticeshowsthatthedistributionof theanglesandthestaticpres-
suresisverynonuniform.In figure7-54(a)isshownthedistribution
of thelocalanglesofdeflectionp2i- ~2n overthepitchof thelat- -–

. ticefortworegimes.Theuppercurvecorrespotidsto theflowconditions —.
.— -—
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showninfigure7-49(c)(&~- .5s).Aheadoftheprimaryshock,theflow
deflectionsareinfluencedby theexpansion.waves;theanglesofthe
streamlinesslightlydecrease.At .T= 0.4 thereisa sharpdecrease
in 132idueto theprims2yshock.At Z >0.4 thelocalanglesvary

..—

.

lesssharplyup to ~ s 0.9.

Fromfigure7-54(b)itisseenthatthedistributionof thestatic
pressuresoverthepitchislikewiseverynonuniform.Thestaticpres- ~
surevarieswiththesystemofwavesandshockstraversingthesection -
investigated. .2

A largeeffectonthespectrumoftheflowbehindthelatticeis
exertedby thesettingangleof theprofile(i.e.,theangleat the
exit). Witha changeintheangle P2n thegeometric=parametersof
thesectionbehindthethroatvary. Forthesamepress~edropinthe
lattice(s2),thearrangementofthefundamerifilsystemofwavesand -

-.
shocksinthissectionofthelatticevaries. _ ._.-

Withincreasein ‘2n thelengthof thewallof thesectionBD r

(fig.7-49)isshortened(thepitchisunchanged);therelativeeffect
of theprimaryexpansionwaveincreases;theangleofdeillectionin- .
creaseswithincreasein p2n.

Theequalizationoftheflowbehindthetrailingedgefor M2 > 1
occursat greaterdistancesfromthelatticethanfor M2< 1. Thevari .–
a.tionof thedistributioncurvesof po2/polalongthepitchaBa func-
tionof ~ for M2 = 1.58 isshowninfigure7-54(c).

We notethattheequalizationoftheflowatsupersonicvelocities
isaccompaniedby a decreaseinthestaticpressurebehindthetrailing
edges. —

— —.
Supersonicreactionlatticesareoftenusedasnozzl~lattices(for

c2< E*)(fig.7-55].Theinterbladepassagesoi?sucha latticeform:.
supersonicnozzles.At designconditionssupersonicvelocitiesmaybe
obtainedinsuchlatticeswithoutanyessentialdeviationangleof the
flow. ,Ontheotherhand,e~ansionmayariseintheoverhangsection
of thelatticeat designconditions.Theexpansionwave1$formedasa
resultof theloweringofthepressurebehindthetrailtig:edge.Inthe
flowaboutthetrailingedge,as inthesubsoniclattice,a_.secondshock
at thetrailingedgearises.Thus,thesamegeneralsystemof shocks
andexpansionwavesyalthoughtheyareweaker,i~maintainedalsofor
thenominaloperatingregimeofthesupersoniclattice.

.

.
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Fortheoff-designregties(&2c
ofwavesandshocksis organizedin.a

61

e2coW),thefundamentalsystem
mannersimilartothatshownfor

latticeswithconvergingchannels.If,however,theratioof thepres-
sures &2 becomeslargerthanthecomputedone,theshocksaremoved
upstreamintotheinterbladechannel,thesamewayastheyareinthe
one-dimensionalsupersonicnozzle.It shouldbe borneinmindthat,
forthesamevalueof &2,theshocksinthechannelsofthesuperso-nic
latticearesomewhatweakerthanintheLavalnozzleandaresituated
neartheoutletsection. —

Theflowstructureina supersonicreaction”latticeis shownin
figure7-56.At increasedpressuresbehindthelattice,”a systemof
twoobliqueshocksis situatedwithinthechannel(fig.7-56(a)].With”
an increaseinpressurebehindthelatticetheshocksmovetowardthe
outletsection(figs.7-56(b),(c),and(d]).Neardesignoperation
(figs.7-56(e)and (f)) primaryandreflectedshocksintersecton the --—
convexsurface;behindthelatticea trailing-edgeshockmaybe seen.-

Thepressuredistributionovertheprofile(fig.7-57)agreeswith
theflowpicture.At regimeswheretherelativepressure

.—
62.5sgreater

thancomputed,thepressurerisesthroughthesystemof-shocks.It iS
characteristicthatthereisno transversepressuregradientinthechan-

21 Thevelocityfieldbe-nelbetweenthebladesof a supersoniclattice.
hinda supersoniclattice~ossessesvery
(fig.7-57(b)).

7-12.IMPULSELATTICESIN

Whenthevelocitiesarepractically
on theconvexsideof eachprofileof an

greatnonuniformityfor z *~<~

Sumfwom FLow

sonica k-shapedshockisformed
impulgelattice.Thissystem

of shocksof smallcurvaturemergesto formthebowwaveforthe-ne%gh-
boringprofile(fig.7-58(a)).Ihnnediatelybehindeach%OWwavethe
flowis subsonic.Thisschemeof flowevidentlycantakeplaceonlyin .-
thecaseinwhichtheflowacceleratesbehindeachbowwaveandthen
reacceleratesto thevelocityMl aheadof thefollowingshock. —

Thereaccelerationoftheflowoccursintheexpansionwavesforrl-’
.

ingintheflowabouttheleadingedges.As thevelocityof theoncom-
ingflowincreases,thebowbecomescurvedandmovestowardtheinlet —
edge~of theprofiles(fig.7-58(b)).Itmaybe assumedthatforveloc-”
itiescorrespondingto theflowschemein figure7-58(b)theflowbehind —

—.
.211tmaybe assumedthatthetiplossesin suchlattices,we-small

evenwithsmallbladeheights.
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theshockswillbe turbulent.
~—.

Becausetheeffectof.profilesiscommu-
nicatedupstreaminthesubsonicregion”,i~nonuni-fofivelocitydistri-
butionisestablishedbehindtheleadingshock.Thevelocitiesvary

.

periodicallyinmagnitudeanddirectionalongthelattice.

Fora certainsufficientlylargeval~ of Ml therightbranches
of theshocksmergeforminga.continuouswavy-shaped..shock(fig.7-58(c)).
Theleftbranches-ofthebowwaveareturnedintotheconcavemxrface
of the.profi.le.WithfurtherincreaseinthevelocityMl theangles ~
of thebranchesof thebowwavesdecrease;theshocksapproachtheinlet ~
edgesof thelattice.Incertaincasesattheinletto theinterblade
channelsthereIsformedthesystemof shocksshowni@figure7-58(d).
In thesystemof intersectingandreflectedshocksthepressure
increases.

Theenvelopeofthis
of theflowtoa subsonic
a resultof theexpansion
trailinge~gehereoccurs
pa.nsionwavesandshocks.

systemof curvedshockslowersthevelocity
value.Supersonic“velocitiesariseagainas
ontheconvexsurface.Theflowaboutthe
withtheformationoftheknownsystemof ex- T
Onlyforverylargesupersonicvelocitiesat

kheinletdoestheflowremain-supersonicovertheentireextentof the
interbladechannel. .

Theaboveconsideredschemesof formationof shocksat theinlet
to an impulselatticeareconfirmedby photographsof theflow. In fig-
ure7-59thereareclearlyseenthechangesintheshapeof thebow
wavesthataccompanyincreasesin Ml.

Thepressuredistributionovertheprofileat supel%onicvelocities
(fig.7-60(a)) showsthatfor MlS 1.5 the~>elocityovera largepart
of theconcavesurfaceisstisonic.For “Ml–>1.12,thevelocitiessre-
supersonicatallpointson theconvexsurface.Thepb–titofminimum
pressureon thebackin theoverhangsection”~sdisplacedwithincreas-
ing ~ towardtheoutletsectionof thelattice. -—

Theinvestigationoftheflowbehindan impulselatticeat super-
sonicvelocitiesshowsthatthedistributionof staticPressuresjve-
locities,andlossesoverthepitchisverynonuniform.

A changeintheinletangleortheflawgreatlyaf~ts thestruc-
tureandintensityofthebowwaves,thepressuredistributionoverthe
profile,andtheflowdistributionbetweenthewakesbehindthelattice.—

Theformof theinletedgeof theprofi.leandangle ~ln havean
effecton thestructureand,inparticular,theintensityof thebow
waves.Aheadof an impulselatticeconsistingofprofilesof smallcur-
vature(largeanglesof theinletedge @ln)amover-all-wave-shaped .
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shockisformedinsteadof thesystaof shocksshowninfigure7-58(b).
. Theshapeofthiswaveaheadofa latticeofplatesforvariouqinlet

anglestsseeninfigure7-61.Sincetheformationof sucha shock
aheadofthelatticeispossibleinthecasewhere Mlsin131> 1,the
numberMl correspondingto thetypeof shockconsideredincreasesas
131decreases.

7-13.LOSSESINIM?TICESAT NEARSONICANDSUPERSONICVELOCITIES

Theaboveconsideredpropertiesoftheflowof a gasinplanelat-
ticesof differenttypesat largevelocitiespermitan analysisof the .
behaviorof theover-allcharacteristicsof latticesaccompan@ga
changeofvelocityof theflow(Ml or ~).22 Figure7-62(a)shows
curvesof thelosscoefficientsforreactionlatticesasa functionof
M2 andtheinletflow-angleP1. Figure7-62(b)givessimilarcurves- “- -
forimpulselattices.

‘r
Thecurvesshowthat,dependingontheentryangle,thepitch,and

. profileshape,thelosscoefficientofreactionlatticesmayincrease
or decreaseintheregionof transonicvelocities(0.8<M2 < 1.2).A
markedincreaseof thelossesina latticeoccursat supersonicveloc-
ities(~ >1.2). Thevalueof M2 forwhichthisincreaseisob-

.-

serveddecreasesasthepitchis increased.
.

.—

Thelosscoefficientsof supersoniclatticesincreaseverysharply
withan increasein M2 andreacha maxinnimvaluewhentherelative
pressureinthelatticeis,nearlycritical(M2= 1). Witha furthwin-
creasein M2,thecoefficient~p decreases.Thelossesina“super:
soniclatticearea minimumnearthecomputational(desi~)valueof
M2. For M2 ‘“2comp thelosscoefficientincreaseswiththevelocity.

Froma comparisonof thelosscurvesina reactionsupersoniclat-
tice(fig.7-62(a))withthose”ina one-dimensionalsupersonicnozzle,
it canbe concludedthatthevariationof <p with M2 isq-litativel~ —-

thesameinbothcases.It followsthattheshocksintheinterblade
passagesandtheseparationsandvortexformationsassociatedwiththem

.

havethemaininfluenceon theeffectivenessof suchlatticesatoff-
designregimes.Theloweringof thelossesinthektticefor M2S 1
isexplainedby thefactthatat suchregimesthewaveandvortexlosses

.
‘zThedatapresentedinthepresentsectionreferonlyto lattices

of definitegeometricparameters.
. .
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decreaseandthen(forsmallM2)entirelyvanish(theinterbladepas- —
6agewor$sasa Venturitube).As inthecaseof thesinglenozzle,the ‘
lossesina supersoniclatticeatthedesignandoff-designregimesvary
as a functionofthepassageparameterF1/F~.23Withan increasein..
thisparameter,thelossesfordesignoperationdecr~~sesomewhatand
increasefor M2 < M2comp.

Comparisonof thelossesindifferentreactionlatticesleadsto
theconclusionthatina widerangeofvelocities,latticeswithcon-
verginginterbladechannelspossessa highereffectivenessthansuper-
soniclattices.Evidentlysupersoniclatticesaresuitableforapplica-
tionin therangeof largesupersonicvelocities,buttheyareonlyef-
fectiveforthecasewheresuchturbinelatticeswillalwaysoperate
neardesignconditions.Thepointsof intersectionofthecurves(the
pointsA md A’ in fig.7-62(a))permitestablishtigrangesofrational
applicationof thetwotypesoflatticescompared:

Thelossesinan impulselatticeat subsonicvelocitiesincrease v
withincreaseinthevelocitymoresharplythanthoseinreactionlat-
tices,andtheyreachmaximumvaluesfor Ml = 0.8to0.9(fig.7-62(b)). ~-
A furtherincreaseinthevelocityleadstoa certain~loweringof the
losscoefficient.Thus,inthezoneofnearsonicvelocities
M2 = 0.9to1.3 thecoefficient5P of an impulselatticedecreasesand
becomesa minimumat Ml= 1.2to1~4. For MI > 1.4_withincreasingve-
locity,~p againincreases.24

Theloweringof thelosscoefficientinan impulselatticeat mmll
supersonicvelocitiesisexplainedby theimprovementof theflowabouti
theinletedgesandontheconvexsurfaceof theprofile.For
M2 = ().7to0.9

-.
flowseparationsareformed-neartheinletpertandon

theconvexsurfaceof theprofile;thepointsofminimumpressureand
separationaredisplaceddownstreamwhensupersonicvelocitiesare
achievedsincetheflowinthechannelisconvergingbehindthebowwaves
(fig.7-60).Alsochange.intheinletanglehasa particulareffecton
themagnitudeof thelosscoefficientat supersonicvebcitiesforim-
pulselattices.For-inletangleslessthan ~ln(a“blow”on theconcave

23NACAnote:Arearatio,seefig.7-62(s).

24Thedata
intheshapeof
enceof ~p on

presentedrefer
theprofileand
M mayvary.

-.— ._

onlyto“thegivenlattice.Witha change
thepitch,thecharacterof thedepend-

.
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surfaceof theprofile)thelosscoefficientincreases.Themeanangle
. of theflowbehindthelatticeincreaseswithan increaseofvelocity. ..

at supersonicvelocities(deflectionbehindthethroat).

.

.

7-14.COMPUTATIONOFANGLEOF DEFLECTIONOF

SECTIONOFA REACTIONLATTICE

SUPERSONICPRESSUREDROPS

.

FLOWINOVERHANG

AT
.

Thereexistseveralmethodsof determiningtheanglesof deflection
oftheflowbehindthethroatof thelattice.Themostwidespreadmeth-
odsof computationarebasedontheone-dimensionalequationsof flow.
Assumingthatthefieldof flowinthesectionsAB (fig.7-63)andEF
(chosenat a largedistancebehindthelattice)isuniformandneglect-
ingthelossesinthelatticeup to sectionAB,theequationof contin- -
uitymaybewrittenintheform

13@c2 = mq.czmsinpa -.

or,bearinginmindthatforverythintrailingedges
.

ZE= Ej?sinp~n= t sin pzn

we obtain

We dividebothsidesof thisexpressionby ~la*l;then

~sin !32n=

Takingintoaccountthat 132=

.

inclinationof theflowintheoverhangsection, we-arriveat the
equation ..

5 (qz ?201= srcsin — .—
‘%2- )

sinp2n - @2n
P02

(7-60) ‘-

In theaboveequationq2 and q2= areeasilyexpressedinterms

ofthepressureratiosP2/P~l /=d P2=P020
—
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the
For8.reaction
sectionAB will

supersoniclattice

lattice,with ph/p02<5*,theflowparametersin
havetheircriticalvalueswhen=q2= 1“ ForS.

*

q~= F’*/Fl< 1. By ignoringthelosses,Baisrela.
tedtheflowat sectionAB tothatat DH ina formsimilartothatof
formla(7-60)

()sinpzn5 = arcsin —
qzoa - f32~ (7-60a)

.—..
Withaccounttakenof thelosses,forfila(7-60a’)canbe writtenas ?!

5 = arcsin
(

1 Pol

)
— — sin~2n
qz’P02

- $2n..
—.

Replacingq2= by k2t and <p andtakinginto;accountthefact
that

k

(

k- %
POl= k-12

)

=1 - & ‘:t(l- ~P)— M2t~p+ 1 =
~ 2 l-~x;t ●

we obtainaftertransformations

5 a arcsin
\

.

Whence,itfollows
velocityh2t,the
losses.According
pendsnotonlyontheoutflowvelocityandthe”lossesbutalsoon the
sngle p2n.

(7-60b)

thatwithconstantvalueof--thetheoreticaloutflow
angleofdeflectionincreag=swithan increaseinthe
toequation(7-60a],theangleof deflection5 de-

Formula(7-60)holdsonlyfor s2> 6s,tiatis,Up:tothepoint
forwhichtheprimaryexpansionwaveimpingesoh theconvexsurfaceof
theblade.Theangleof deflectioncorrespondingtothe~imitingexpan-
sionovertheconvexsurfaceofthebladeisapproximatelydeterminedby
therelation

.
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where ~ is
AD.

theangleof thecharacteristic

Thepressureintheoutletsectionof the
consideredmaybe determinedby theformula

2k
m

es= e+(sinP2n)

coincidingwiththeplane
. -

latticefortheregtie

(7-61) -

Infact,since
-1

we have

Solvingthisequationfor es,we arriveatformula(7-61).

Makinguseof theknownrelationbetween~ and & andsubskitut- -
ingintheparticularcase

.
&2= &s~we obtain

[?1

~

()
k -12

5s= +
arcsin 2 l-k - $2n (7-62)

k+l 2(sinP2n) -—k+l

Fortheone-dimensionalcaseof infinitelythintrailingedgesand
straightconvexandconcavesurfaces,theexactsolutionmaybe obtained
by simultaneouslysolvingtheequationsof continuity,momentum,=d
energy.

By theecpationof ener~,

P2 k-lc; P209—+—— —+y$
P2 k2=~=

Fromtheconditionof continuity,
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Substitutingthisexpressioninthe.equationof energy,we

We writetheequation
tionof thetrailingedges

P2e~tsfi@2n+ p2tsin

or

Since

ofmomentumusing
intheform

P2~= p%c~mtsin

—

TM 1393
“

obtain ._
.

(7-63)
. .

thecomponentinthedirec-

—

P2~2a*= !12P*la.;= k&+q2pol

we obtain

If inthesectionKS theparametersarecritical,then

*=[*(+=)+%
Thelast

whence

expressiontogetherwithequatiur-(7-63)gives‘“

62= 2

()

l--—62=Cot~2ntan8 k + 1
t8n2S+ >_

&*
-—

k -l&* % k-lk+l %=
k+ l-—E* -~

.—-..

(7-64) “

( C2W z k+ll -
& 6* ) (

k -%— cotpzn — .——
‘k-l

cot92D

tan5 =
C* k- 1 C*

~2c0k+ l-—C*
(7-65)

.

.
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Approximately,
.

Theabove

for 5 410°, we obtain

‘2n

accuratesolutionobtainedby G.Y.

(7-65a)

Stepanovpermitsde-
terminingthewavelossesinthelattice.Thecoefficientofwavelosses
isexpressedby theformula

.2G~b=l-j&
2t

.

oraftersubstitutingfor %2

1

*
.

Forcomputingtheflowbehindthethroatof thelattice,themethod
of characteristicsmaybe applied.We considera latticeofplatesof
smallcurvaturewithstraight,infinitelythintrailingedges(ftg.
7-64(a))andsetup theboundaryconditionsatthepointwherethestream-
linescomingoffthetwosidesof eachplatemerge.Thestreamline1-1 --
movfngalongtheconvexsurfaceofthephte intersectsboththeprimary
andreflectedexpansionwaves,whilethestreamline2-2comingoffthe
concavesurfaceintersectsonlytheprimarywaves.Intheplaneof the
hodographtheregionoftheflowinthesectionAB is expressedby the
pointcorrespondingto theendofthevectorXl= 1 (fig.7-64(b]).The
velocityofthestreamline2-2afterpassingthroughtheprimaryexpan-
sionwaveisdeterminedby thevectorX2,whilethevelocttyof the
streamline1-1afterpassingthroughboththeprimaryandreflectedwaves
isdeterminedby thevectorA3. Theboundaryconditionsnesrthepoint
A fortwomergingstreamlinesof gasaretheconditionsthatthestatic
pressuresareequalandthevelocityvectorsareparallel.Thesecondi-
tionsaresatisfiediftheobliqueshocksKl and K2 areformedat the
pointA, thedirectionof theseshocksshownin figure7-64(a).If the
angle % issmall,theprimaryshockK1 maybe consideredas a char-
acteristic,whileforcomputingtheedgeshockK2 themethodof char-

. acteristicsmaybe used.We hereneglectthewavelossesintheshocks-~
It isevidentthatthedfrectionof theshockK2 coincides-withthe .—

. -—- -.
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normalto theepicycloidof thesecondfamfiyat the~ointd locatedat
thecenterof these~entbc. Withthissimplificationof theproblem,
thewake(whichforan infinitelythinedg=isconsideredtobebetween

.

thestreamlines1-1and2-2)intheimmediateneighborhoodof thepoint
A hasthedirectionofthevectorX2 (thedot=dashlineinfig.7-64(a)).—
Thevelocitiesandotherparametersoftheflowfortheremainingstream-
linesme determinedaftercomputingtheitieractionof theprfmsryand
reflectedexpansionwaves.

Theentireregionof flowbehindthethroatcanbe dividedinto $.
threezones(fig.7-64(a)):I - thezoneof influence.of theprimary
expansionwave(forthelatticeconsidered,thisregiontransformsinto
a point),11 - thezoneof-interactionoftheprimaryandreflected
waves,and111- thezoneof influenceofthereflected”wave(inthe
planeof thehodograph,thiszonecorresp6ndkto thecharacteristicof T--
thesecondfamilybe). —

Theregionof interactionof theprimaryandrefl~tedwavesof
rarefaction(zone11)maybe computedonceforall,usingtheminimum P
valueof theangle ~2,min=7°to10°. Foranyotherafigle~2n>~2,min
thecomputationof theflowdownstreamof thethroatiscarriedoutin
thefollowingmanner.We drawthex-axisatthe.givenangletoCB (fig.

.

7-64(c))andfindthemeanpressureinthesectionAB = t

t
p~q;

J
psidx

o

characterizingtheregimeofthelimitingexpansion.Forallregimes
E*> P2/Pol> p@ol thezoneof interactionlZwillbe boundedby the
brokenchara@eristics,forexampl”e,AB’,~f!,~tlt.*. (fig.7-64(c)).
To eachvalueof thepressuredropinthelatticecorrespondsa fully
determinedpositionof thepointsB’,B“,B’”. . . . Carryingoutsuc-
cessivelythecomputationoftheflowfor.differentpositionsof the

ABt,AB”,etc.,characteristics we establishthedistributionof the
pressures(velocitiesandlocalangles)overthepitchAB inthezones
11andI’11andobtainthemeanpressurebehind

-1pt

thelattice

—
,.:

.
—

Inthiswaythecomputationofthelocalparametersof theflowbe-
hindthelatticeisconductedfortheentiregroupofpossibleflowre-
gimesinthelattice,andtherelationisestablishedbetweentheposi-
tionof thepointsB’,B“,etc.,

.
andthepressuredropinthelattice.

.
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Themean
obtainedfrom

angleof deflectionoftheflowfora givenregimemy be
equation(7-21):

2
J
~t ~Xisin2(@2n+bi)dx

tan(~2n+ 5CP)=

J’%.qi S~ 2(~2n+ ~i)dx

F-- where
m qi,Ai>and ~i are,respectively,thelocalreduced
aM nondimensionalvelocity,and@e of deflection.

.

flawrate,
.

Fora latticeofprofileswithfinitethicknessof thetrailing
edges,thecomputationof’theflowintheoverhangsectionby themethod
of characteristicsis considerablynmrecomplicated.In thiscaseit is
necessarytoknowhowthepressurevariesbehindthetrailingedgesas a
functionof thegeometricalparametersof theprofileandthelattice
andof theflowregime.Sucha relation

—...—
Pkp
—= f(k&,7)
Po

.

canbe establishedonlyexperimentally.Then,replacingtheactuallat-
ticeby a latticeofplanes,thetrailingedgesofwhichserveas the
sourcesofdisturbancesunifortiydistributedinthefieldofsonic(or
supersonic)flow,theintensityoftheexpansionwavesmaybe found.
Fromtheboundaryconditionsat theedgethesystemof additionalexpan-
sionwavesandshocksisdetermined.

.

Am importantadvantageofthemethodof characteristicsisthepos-
sibilityof constructingthespectrumoftheflowon theconv= section-
behindthethroatandat differentdistancesfromthelattice=d of de-
terminingthenonuniformityof thefieldofvelocitiesandpressuresin
differentsections.

A comparisonofthemostwidespreadandaccuratemethodsof comput-
ingthedeviationangles”withtestdata(fortworeactionlattices)is
showninfigure7-65. It is seenfromthelatterthat,forlatticesof
SU1l pitchandconsistingofprofileswiththintrailingedges,formula
(7-65)andthemethodof characteristicsgiveresultsthatsatisfactorily
agreewithexperiment.Forsmallvaluesof 5(c2>0.35)theequationof.
continuity(7-60(b))maylikewisebe usedforapproximate“computations.—
Forlatticesof largepitch,onlythemethodof characteristicsgives.re-
sultswhichareingoodagreementwithexperiment. .-——.- ,—
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7-15.CHARACTERISTICFEATURESOTTHREE-D~NSIONAL

FLOWINLATTICES

TM 1393
.

As wasalreadypointedout,theringlattices~f turbomachinescon-
sistofradiallyarrangedbladesof finiteheight(length].T’Qeshape
of theinterbladepassagesofthelatticevariesintheradialdirection.
In condensationturbines,Mtticestithvariableheightbladesareused.
Theguidelatticesarealwaysshrouded.Rotatinglattices=e sometimes
designedwithoutshrouds. -.<.

r

Theseconstructionfeaturesofreallatticeshavean importantin-
fluenceon theflow.Thephenomenaobservedinthee-dimensionallat-
ticesarenottakenintoaccountintheanalysesof two-dimensionalflow.
On thebasisof testdatawe shallanalyzethespecialfeaturesof three-
dimensionalflowina straightrowof lattices.

Intheselatticessecondaryflowsareformedne~ thetipsof the
profileon theconvexsurfaceof theblade.Thecauseof formationof
secondaryflowsintheinterbladechannelsofa latticeistheviscosity .
of thegasandthetransversepressuregradientarisingfromthecurva-
tme of thechannels. .

Becauseoftheincreasedpressureontheconcavesurfaceof the
blade,thegasparticlesflowtowardtheconvexsurfaceof theblade
(fig.7-66(a)].ForsufficientlyhighratiosZ/a2(seefig.7-66(b)),
thesecondarynmtionofthegasovertheconcavesur%.ceisonly”ach~eved
withdifficulty,becausetheparticlesmustmoveovera longpathover
whichthereisfriction.Sucha flowfromtheconcavesurfaceto the
convexsurfaceof theneighboringprofileispossibleonlyinthebound-
arylayeralongtheendwallsboundingthechannel.Theperipheralflow
of thegasintheboundarylayerthereforestartson theconcavesurface
at thetipsoftheprofile(neartheendwalls)andcontinuesoverthe
endwallstowardtheconvexsurfaceof theblade.As experimentshows,
thereoccursa nonuniformdistributionof thepressuresovertheheight
of theblade;thepressureislowerontheconcavesurfaceneartheend
walls,whileat thetipsoftheconvexsurfaceofthebladethepressure
ishigherthanit--isinthemiddlesection.Alongtheendwallsofthe
channel,thepressuredropsinthedirectionfromtheconcaveto thecon-
vexsideoftheblade.At the.tipsandalongtheconvexsurfaceof the
blade,theboundarylayerflowingfromtheendwalls~encountersthe
boundarylayermovingalongpathsparallelto theend.walls.As a re-
sult,nearthetipsof thebladeandon the”convexsurf~cerapidgrofih ‘
of theboundarylayeroccurs;thethicknessof thelayerincreases
sharply. Tn themajorityof casesthisleadstoa localseparationof .

.
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thelayerandthereforeto theformationof vortices.25 At thesame
time,becauseof themotionof theboundarylayerfromtheconcavesur-

—.

faceto theconvexsurfaceoftheblade,compensatingflowsareformed
at thebladetipswhicharedirectedfromtheconvexsurfacetowardthe
concavesurface.Theseflows,togetherwiththeboundarylayersepara-
tionon theconvexsurface,formvortexregions(trailingvortex)near
theends(buttfaces)of thechannelwalls.

Inthisway,at theconvexsurfaceofthebladenem the-tips,a
vortexpairarisesconsistingoftwovorticeswhosedirectionof rota-
tiondoesnotcoincidewiththedirectionof thecirculationaboutthe
profile.26Thevorticesrotatetowardoneanotherincorrespondence
withthedirectionofmotionof thegasintheboundarylayersat the
planewalls(figs.7-66(b)and(c))andinducea fieldofvelocities
normaltothestreamlinesof theprimaryflow(fig.7-66(d)),whichleads
toa certainincreasein theoutletangleoftheflowfromthelattice.

Inthephotographsof thewakesof theflow(fig.7-67)thereis
clearlyseenthesecondaryflowof theboundarylayeron theendwalls.
Behindthepointswherethevorticesarise,thesecondaryflowof thegas

..

continuestobe associatedwiththeboundarylayerson thepl~e walls —
andtheconvexsurfaceof theblade;thevorticesareenlargedtoward
theoutletsection.On accountof thegrowthof thevortices,their
axesarrangethemselveswitha certaininclinationto theplanewalls.

At smallratios2/a2,thevortexregionsarepropagatedoverthe
entiresectionof thechannelforminga vortexpaircharacteristicof
curvedchannelsof squaresection.Theover-allvorticityof theflow
sharplyincreases.

25DependingontheshapeoftheprofileandoftheInterbladechan-
nelandalsoontheflowregimeinthelattice(inletangle,~ and
Re2 numbers)theseparationoftheboundarylayeron theconvex”surface
maynotoccur.Testsshowthatseparationdoesnotoccurforlargein-
letanglesandsmallflowvelocities.

26In connectionwiththequestionas to themechanismof formation
of secondaryflowsinthelattice,itshouldbe remarkedthatattempts
tomakeuseofthetheoryandcomputationprocedureof theinduceddrag
ofa wingof finitespanfordeterminingthetiplossesinlatticesdid
notgiveanyessentialresults.Thetiplossesina latticeandthein-
duceddragofa winghavea differentorigin.It issufficientto state
thatthetipphenomenaina latticearisefromtheviscosityof the
fluid,whereastheformationof trailingvorticesfromthetipsof a
wingof finitespanarenotdirectlyconnectedwiththeviscosity;the
tipvorticesof a wingshouldexistfortheflowofan idealfluidalso.

—
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Theexperimentalinvestigationsconfirmtheoccurrenceof separation
andvorticesina rowof straightblades.Thedistributionof thedyna-
micpressureandthestaticpressureovertheheightof theblaienear
theconvexsideinthenucleusoftheflowandat theconcavesidein
thenarrowsectionof thechannelinfi~e 7-68(a)showsthecharacter-
isticvariationof theseparametersinvortexregions.Inthevortex
zone ~Oi and ~i decrease;thisdecreasedoesno_Zappearintheriuc-

leusaf theflowor at theconcavesurface.Intheoutletsectionof
thelatticethepicture”ofthedistributionof.~Oi and ~f remains
qualitativelythesame(fig.7-68(b)).Thezonesof reducedvaluesof
Poi aredisplacedfromtheplanewalls.Thedipsinthecurvesare
moremarked. --

Theseparationof thebotindarylayeTonthebackofthebladeand
theformationof vorticesarea sourceof considerablelossof energy,
particularforrelativelysmallbladeheights.Thechangein thegeo-
metricparametersof thestraightlatticeand,inparticular,of there-
lativeheightandpitchaffectsthemagnitudeof thetiplosses.

WithdecreaseintheheightTa thevortexregionsapproacheach
other(fig.7-69(a))andareslightlyshiftedtowardthesidewalls.
~hestrengthof thevortices,withindefinit~limitsof thechangeof
la)practicallydoesnotchange.Onlyfor 2aG 2 istherea notice-
ableincreaseintheeffectof thevorticesinth~nuclearflow(theval-
uesof ~oi decrease).Forlatticesof heightZa < 1.7,theentire
flowinthechannelsisvortica.1andthepressureof completestagnation
inthenucleusislowered.

Fromthisitfollowsthattheabsolutemagnitudeof thelossesin
verticalregionsdoesnotchangewithdecreaseintheheightof the
bladesup tocertainli~its.Therelativelosseschangein inversepro-
portiontotheheight2a. Withincreaseinthepitchoftheprofiles
(fig.7-69(b))thestrengthofthetipvorticesincreases,andthere
occursa certaindisplacementof thezoneofmaximumlossesawayfrom
theendwalls.

A largeeffecton thetiplossesis~ertedby-thecurvatureofthe
interbladechannels.As thecurvatureincreasesthelossesincrease.
Thistrendisparticularlyintenseforlatticesof smallheight.

Theflowregime,thatis,theinletflowangle>ndth: Re2 and M2
numbers,hasan effectonthemagnitudeofthetiplosses.Withan in-
creaseintheentryangleof theflow(fig.7-70)thestrengthof thesec-
ondaryflowsdecreases.We rraynotethatat largeqntryanglesthetrans-
versepressuregradientintheinterbladechannels@ecreases.At ‘thesame

.

.

I
●

.

.

.
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timethereisa loweringof theintensityofthesecondary
. boundarylayertowardtheconvexsurfaceoftheblade~the

75

flowof the
thicknessof

thelayeronthebackdecreasesandthevorticitylossesdecrease.An
increaseinthevelocityof thesubsonicflowinthelatticesiead~””to
a decreaseinthetiplosses,a factwhichisevidentlyexplained?Iy
thedecreaseinthicknessoftheboundarylayer. .—

Theinvestigationofthethree-dimensionalflowinlatticesof
straightbladesqualitativelyshowsthesamechangeofthemean(aver-
agedoverthepitch)losscoefficientsneartheendwallsforalllat-
tices.Withan increasingdistancefromtheendwalls,thelossco%-f-
ficientsharplydecreasesat firstandata smalldistancereachesthe
minimumvaluebeyondwhichitagainincreases.Inthezoneoflowering
of ~p thereisfounda decreaseinthethicknessof theboundtirylayer
on theconvexsurfacesandofthedepthof theenddips.Thectiracter
of thevariationof ~p overtheheightforshortbladesfordifferent..
velocitiesis seeninfigure7-71.Thecurvesh figure7-71show
clearlythedecreasein ~p withan increasein M2 for M2 < 1.

Incorrespondencewiththeabove-mentionedeffectof thecurvature
ofthechannelsandtheinletangle,a certainrelationmustexistbe-
tweentheprofileandtiplosses.Inlatt~~eswithlargeprofiielosses
therearefom.dalsoincreasedtiplosses.‘( Worna considerationof
theschemeof formationofthetiplossesina straightlatticeit fol-
lowsthatthemeasurestakento decreasethetransversepressuregradi--”
entintheInterbladechannelandthereforeinloweringthestrengthof
theperipheralflowsintheboundarylayersgreatlydecreasethe,tip “’-’
losses.Of greatimportanceisalsothecharacterof the-velocitydis-
tributionovertheheightat theentrytothelattice.Witha nonuni-
formvelocitydistributionovertheheightat theentrythetiplosses
increase.Inthisconnectionit shouldbe remarkedthattheuseof
overlap28 inthereallatticesof turbomachinesleadsto a sharpin---
creaseinthetiplosses.

In cylindricalhttices,thecharacterof thetipphenomenachanges
somewhat.Becauseof thechangeof thepitchof theprofileoverthe
radiusandtheoccurrenceof a radialpressuregradient,thesymmetryof
thevorticesarrangementisdisturbed.Bothvorticesaredisplaced
alongtheradiusfromthecasingtowardthehuboftheannular~ttice.

.

.

271tisassumedthatallfundamentalgeometricalparametersof the‘-—
latticescomparedremainthesame(pitch,settingangle,six3heightof
blades). .

2@y overlapismeantthedifferenceinheightsof ~ neighboring
lattices:As a ruletheheightof therotatinglatticeischosentobe “- -
greaterthantheheightof theguidelattice.

—
-.

. . .
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Theintensityoftheuppervortextherebyincreases,whilethatof the
lowerdecreases(fig..7-72).Theradialpressuregradientinanannular
latticeisthecauseof theadditionallossesof ener~ sincethepe-

9

ripheralflowsintheboundarylayerareticreasedby suchgradient.
.-

Inconclusionitshouldbe emphasizedthat,forlatticeswithsmall “
relativeheight,thevalueof theoptimumpitchmustbe determinedafter
accounthasbeentakenof thetipphenomena.The.optirnumpitchmayde-
creaseincomparisonwiththatofa planelattice.

Em
ClassificationoftheLossesinLattice;

4
—

Theresultsof theoretical.andexperimentalinvestigationsconsid-
eredinthischapteroftheflowofa gasthroughturbinelatticesper--- - --
mitclassifyingtheenergylossesinlatticesaccording-tothefollowing
scheme:

A.

(1)Lossesby

(2)Vorticity

(3)Vorticity

B. Lusses

.

Profilelosses(intheplanelattice) .
—

frictioninthebounderylayerontheprofile .

lossesby theseparationof theflowOH theprofile

lossesbehindthetrailingedge(edgelosses)

inthree-dimensionallattices(inaddition

tothoseofgroupA)
.=

(1)Lossesproducedby fYictionattheboundingwallsofthelat-
ticeoverthe.heightand,duetoperipher~l(secondary)flowsin
theboundarylayers

.

(2)Lossesinthethickenedlayers”on the‘backof th~bladeand
vorticitylossesduetoseparationof thelayerat thetipsand
theformationofvortices

C.Navelosses(inadditiontothoseof groupsA andB at

near.sonicandsupersonicvelocities)

Inthegeneral
stagesunderactual
theunsteadinessof
employed).

case,fortheinvestigationoflatticesof turbine
conditions,thereareaddedthelossesarisingfrom
theflowandtheheatlosses(whencoolingis

.
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As wasstatedabove,onlythefrictionlossesinthelatticecanbe
determinedby computationat thepresenttime.‘Thetheoreticalmethods
of computinga potentialflowthrougha latticeandthesemiemptiical
methodsofcomputingtheboundarylayerpermitsolvingthispartofthe
problemwithsatisfactoryaccuracy.Thetotallossesina latticec~--” .._
be determinedonlyexperimentally.Thephysicallyevidentconnection
betweenthegeometricalparametersof theprofileandlatticeandthe
magnitudeof thelossesdoesnotat thepresenttimehavean exactmath-
ematicalexpression. ..

Translatedby S.Reiss
NationalAdvisoryCommittee
forAeronautics
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(a)Equipotattillinesandstreati~s.
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(b]Hodo~aphofvelocity.
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.

(c)Distributionofrektivevelocitiesm of
presme coefficientswer theprofile.

‘Qwre7-3..-F~OWofidealincompressiblefluidt~@
reaotionlattice.
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(a)Profileoflattice.

(b)Hodograph.

(c)Distributtonofrelativevelocities
overprofile.

Figure7-4(A).- Flowofanidealincompressible
fluidthroughcompressorlattice.
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(a)Profileofimpulseblade.
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(b)Hodograph.

i)

(c~rs~$: ofrelati,vevelocities

—

Figure7-4.-Flowofideal.incompressiblefluidthrough
@ulse lattice.
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(a}Inletanglep~

(b}Pitcht.

(0)Angleofset%ingBy.
Figure7-5. - Effeotofinletsagle,pitch,
andsettIngangleonrelativevelocity
distributionoverprofileoflattice.
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(a)SuuIofflows.
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(b] Noncirculatoryflows.
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AC2

(c)circulatory-axialflows.

Ftmme7-6.-Flowofidea;incompressiblefluidthrough
latticeofWades.
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Fi~e 7.8.-Examplesofconforu,IRltranefo~tionoflattice.
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Figure7-9.- Flowofconformaltra=formationof
ofcircles.
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Figure7-10.- Computationofa lattice
bythemethodofG.6.Samoilcwich.

Figure7-U.-Comparisonofthetheoreticalandexperimental
pressuredistributionovera latticeprofile.
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Figure7-12.- Determinationofanequivalentlatticeofcircles.
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Figure7-13.- Determinationofthecorrespondenceof
thepointsoftheproftlewiththecircle(t= 1.
c1=-1, pl = 900).-
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Figure7-14.-Constructionofflowstream.
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U!!!iit
\

Figure7-15.-Schemeofelectricalmodelof
flowWithoutcirculation.Meamrementof
potential.
1,electrodes;2,sourceofalternathg
current;3,potentiometer(waterrheostat);
4,zeroindicator(radiophones];5,unit
ofpotential.
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Figure7-16.- Schemeofelectricalmodelof flow
withcirculation.Measurementofvelocities.
1,~robewithtwoneedles;2,amplifier;3,rectifier;
4, galvanometerj----,equipotentiallines.
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(a)Turbine(converging)lattice.
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(b)Compressor(diffuser)lattice.
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Figure7-17. - Foroesactingonprofileinlattice.
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Figure74.9.- Bchemoffomstlonofboundaryleyerona I&ttlceprofile.
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Figure7-20.- Graphoftheveloci-

txtea in the boujmkcyI.qeronthe
convexsideof the blade.
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(b) Concave side.

I?igure7-21.-Variationofmomentum
10SSthicknessontheconvexandthe
concavesideoftheprofileofa
turbinelattice.
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,.. . .
(b)M2= 0=773

(c)~ = 0.940

Figure7-24. - Spectraof theflowof airthrOU@
a reactionlatticeat supersonicvelocities.
Relativepitchof profilest = 0.860jinlet
aule of profilepm = 15°52’(visualization
of–trailxwake).–
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Figure7-27. - Distributionofstaticpressuresintheboundariesofthe
vortexwekebehinda latticefordifferenttrailingedges.
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Figure7-.29.- Jiffectofbladesetti~andflm inlet
distributiaovera profileina reactionlattice.
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CFigure7-34.-Dependenceof coefficientof
frictionlossesinthelatticeonRe2.
1,withpresenceofflowseparation;2,with
nonseparatingflow(computed).

\ a,

Figure7-35.. Determinationofthe
velocityininterbladechannelof
constantwidthandmrvature.
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Figure7-37. - Comparisonofexactandapproximatedeterminations
ofvelocityin interbladechannel.

exactsolution;D approximatevalues.

Figure7-W. - Localmaximum
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Figure7-39.- CriticalvaluesM2 as
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Figure7-43.- Dependenceofpressurecoefficientbehindtrailingedge
‘~ onM2number.
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Figure7-44.-EffectofM2onshapeanddimensions
oftraflingvortexwake.
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(a)

(b)

(c)

. (d)

Figure7-47. - Distributionoflocalpressures,velocities,anglesand
lossesasa functionof.M2atthedistance~ = 0.1behindanimpulse
lattice.
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Figure7-48.- Dependenceofthemeanangleoftheflow
behinda latticeonM2.
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‘ ~~~. 7-49. - Schemeof outflowfroma reactionlattice
at aboVe-criticalpressmedrops.
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Figure~-50. - Concluded.Spectraof airflowthrough
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profile13ti= 1!$52‘.
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(a)

NACATM 1393
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(b)

Figure7-51.- Spectraofairflowthrough
reactionlatticeat supersonicvelocities.
Relativepitchofprofile% = 0.86;exit
angleofprofilePa = 15052’.
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(c)
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Figure7-51.-Concluded.Spectraofair
flowthroughreactionlatticeat super-
sonicvelocities.Relativepitchof
profile% = 0.86;exitangleofprofile
Pa = 15°52‘.
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Figure7-52.- Pressuredistributionalongconvex”eurfaceofprofile
downstreamofthethroatatabove-criticalpressuredrops.
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Figure7-53.- Riseofpressureinthe
systemof shocksontheconvexsurface
ofa bladeas a functionofthepressure
dropsinthelattice.



122 NACATM 1393

(Eb)

0.4

,3

.2

.1

0

(c)

Figure7-54. - Distributionoftheflow
ptiametemoverthepitchofa
reactionlatticeat-upersonic
velocities.

Figure7-55.- Scheme
reactionla%tlceat
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offlowspectrumattheexitfroma supersonic
thecomputedregime. --
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(a)pressuredistribution”werprofile.

(b)Velocitydistributimoverpitch.

FigureT-5’l’.- pressuredistributionwer a profileandvelocitydistribution
overthepitchfora supersoniclatticeatvariousregimes.
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(f) Ml= 1.42.

Figure7-59.- Airflowspectrathroughimpulselattica
at near sonicandsupersonicvelocities.
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Figure7-61.- Spectraof supersonic
flowabouta Uvttioeofplates;
M2= 1.42.
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Figure7-63. - Determinationoftheangleofdeflectionof
theflowbehindthethroatofa lattice.
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Figure7-64.-Computationof theangleof’
throatbythemethodofcharacteristics.
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Figure7-65.- ~+er~en~l andc-ted meanangleof deflectionOfa
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I’igure7-66.- Schemeofformationof secondaryflowsintheinter-
bladechannelofa lattice.
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Figure7-67.-Wakesoftipvortices
ininterbladechannel.
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Figure7-69.
ofdynamic
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pressureoverheightonconvexsurfaceofblade. .-
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Figure 7-70. - Effeat of the
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premure dhtrihticm In the
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